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Abstract 
The objective of this project was to investigate different types of organic 
compounds applied onto rutile titanium dioxide (Ti02) and to determine how 
each of them affects the processing and properties of rigid poly(vinyl chloride) 
(PVC). 
The first part of the research was an initial study on three types of organic-
coated pigments. Sample 1 consisted of 0.2 weight % trimethylol propane 
(TMP) and 0.5 weight % poly(dimethyl siloxane) (PDMS), whereas samples 2 
and 3 were single coated with 0.3 weight % TMP and O.B weight % n-octyl-
phosphonic acid (OPA), respectively. The dispersion behaviour of coated 
pigments in liquid paraffin and water indicated that sample 1 was hydrophobic, 
sample 2 was hydrophilic and sample 3 was amphipathic. Each coated 
pigment was mixed into a calcium-zinc stabilised PVC window .profile 
formulation. The blends were processed by different methods and analysed 
by various techniques. It was found that hydrophobic sample 1 gave the best 
pigment dispersion and thus, it produced the fastest fusion rate. Sample 1 
also gave the highest impact strength. 
The second part of the research involved a study of OPA and two other novel. 
organic coatings - methyl hydrogen siloxane (MHS) and n-octyl triethoxysilane 
(CB-TEOS). Various coating levels from 0.2 weight % up to 2.0 weight % were 
applied to the pigment. Contact angles were measured on the coated surface 
using an advancing sessile drop method and their surface energies were 
determined. It was observed that the polar surface energy decreased with 
increasing coating levels. All three types of coatings achieved optimum 
coating coverage at a coating level of O.B weight % and above. The surface 
energies of the coated pigments were found to correlate well with their 
dispersion behaviour in liquid paraffin and water. In addition, solid·state NMR 
was used to investigate how each organic compound adsorbed on the 
pigment surface. 
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Chapter 1 Introduction 
CHAPTER 1 INTRODUCTION 
1.1 Overview 
This project is sponsored by Huntsman Pigments, (formally known as 
Huntsman Tioxide). The objectives for the sponsored project and the 
, 
background of the sponsor are reviewed in detail. Two main materials are 
introduced in this chapter - titanium dioxide (Ti02) as the main additive and 
poly(vinyl chloride) (PVC) as the base polymer. The introduction includes the 
history and characteristics of the materials; the market demands and the 
consumption based on their application. 
1.2 Aims and objectives of project 
Huntsman Pigments has been investigating suitable organic coatings for 
application onto the inorganic coated Ti02 pigment. There are three different 
types of organic compounds for this project: (a) trimethylol propane (TMP) 
has been used as an aid to improve dry flow during the micronising process. 
Thus, it imprqves the pigment dispersion; (b) poly(dimethyl silane) (PDMS) 
provides good thermal stability, high flexibility and low glass transition 
temperature. Its unique hydrophobic surface properties contribute to longer 
storage stability; (c) n-octyl phosphonic acid (OPA) contains a phosphonic 
acid group, which is reactive and forms strong chemical bonds with the 
alumina surface of the inorganic coating. The long chain of eight carbon 
atoms also gives great flexibility to the backbone. OPA has been found to 
improve the processing and properties of low density polyethylene (LOPE). 
Some preliminary studies have been done with a different polymer base (i.e. 
PVC). Therefore, Huntsman Pigments wanted to have a detailed project on 
above three different organic coatings applied to Ti02 pigment, to determine 
how each of them affects the processing behaviour and properties of rigid 
PVC profiles. In addition to that, Huntsman Pigments also wanted the 
research to look at novelty coatings. 
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The particular aims of initial investigation included: 
• to study the traces of coatings on different coated Ti02 pigments using 
transmission electron microscopy and x-ray fluorescent analysis; 
• to study the dispersion of Ti02 pigment by optical and electron 
microscopy; 
• to investigate the fusion characteristics of PVC compounds by different 
methods - torque rheometer, twin-screw extruder and differential scanning 
calorimeter; 
• to study the impact resistance of PVC extruded profiles. 
Further investigation include: 
• to develop novel organic coatings; 
• to study various coating levels of novel organic coatings by means of 
contact angles and hence determine surface energies; 
• to determine the optimum coating level/complete surface coverage for 
each novel organic coating. 
1.3 Background of the sponsor 
Huntsman Pigments Group is one of the world's largest producers of titanium 
dioxide pigments. A production capacity of about 600,000 tonnes of titanium 
pigment is produced per year globally, of which about 100,000 tonnes is 
produced in UK. The applications include plastics, coatings, paper, ink, fibres, 
ceramics, cosmetics, pharmaceuticals and food additives. 
Huntsman Pigments Group operates two types of chemical processes to 
manufacture pigments - the sulphate and chloride processes. The trend today 
is more towards the chloride route; this generates less waste for disposal and 
is more attractive environmentally. It also requires less energy to produce a 
tonne of Ti02, as compared to the sulphate process. The chloride process has 
fewer stages, lends itself better to automation and is less labour intensive. 
-2-
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Figure 1.1 summaries the manufacturing of titanium dioxide by the chloride 
process at Huntsman Pigments [1-3]. The dry ore is fed into a chlorinator in 
which it forms a bed, fluidised by an air stream. Heat is applied and the 
temperature is increased to 650°C. Crushed coke is fed in on top of the ore, 
where it ignites, increasing the temperature and enabling the initial heat 
source to be removed. When a temperature of 950 to 1000°C is attained, the 
air stream is replaced by chlorine and a reaction occurs to form titanium tetra-
chloride (TiCI4) vapour. As the reaction proceeds, the bed is continuously 
charged with ore and coke to keep its height constant. 
The gas stream is cooled as it leaves the chlorinator and solid matter is 
precipitated. After further cooling and cleaning, the crude TiCI4 is distilled to 
produce a pure product, suitable for oxidation to Ti02 . For successful 
oxidation, it is necessary to bring the reacting gases together at a suitable 
temperature and to provide suitable nuclei on which the pigment particles may 
form. The heat evolved when TiCI4 burned in oxygen, is not sufficient to raise 
the temperature of the reactants to reaction temperature and to maintain that 
temperature. Consequently, additional heat must be supplied, which is carried 
out either by hydrocarbon combustion or by electrically heating oxygen in a 
plasma torch. The inlet nozzles must be kept cool enough to prevent growth of 
massive Ti02 on them otherwise the operation would become impaired. 
Nucleation of the reacting gases is necessary to promote the formation of 
pigment particles. This may be affected by means of small concentration of 
water vapour introduced in the oxygen stream or produced by the 
hydrocarbon combustion. Another method is by the addition of a small amount 
of anhydrous aluminium trichloride (AICI3) to the TiCI4 feed, when the particles 
of aluminium trioxide (AI20 3), formed by oxidation, act as centres for the 
growth of Ti02. The gases carrying the fine pigment must be cooled rapidly to 
below reaction temperature so that further growth does not occur. This is done 
by a mixture of spent gases recycled from by the liquid chlorine (Cl). 
Separation of the pigment then takes place in bag filters. Finally, Cl is directly 
-3-
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recycled to the chlorinator or compressed and condensed to liquid for storage 
and reuse. Pigment made by oxidation of TiCI4 is liable to contain adsorbed 
Cl. This must be removed and the pigment neutralised and washed. The 
reactor product usually requires milling to break down oversize particles and 
aggregates. 
The next process is coating, which involves the dispersion of the pigment 
from the oxidation stage in water. This may be done in a ball mill or sand mill. 
The prepared dispersion may be allowed to settle, thus removing oversize 
particles. It is then continuously stirred while suitable coating reagents, such 
as alumiriium sulphate, are added. The adjustment of pH causes precipitation 
of hydrated oxide onto the surface of the pigment particles. The form of this 
preCipitate may vary according to the conditions of precipitation. After coating 
formation, the pigment is washed and dried before being ground in a 
microniser or fluid energy mill to separate particles stuck together by the 
coating. A variety of different organic compounds such as polyols, amines 
and silicone derivatives are added onto the inorganic coated pigments. This 
is carried out during the final milling stage. 
The market demands and consumption; history and characteristics of the Ti02 
pigment are discussed in detail in next section. 
-4-
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Figure 1.1 Production of Ti02 by chloride process in Huntsman Pigments [ 1 1 
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1.4 Titanium dioxide ( Ti02 ) 
1.4.1 Introduction 
Titanium dioxide is the most important inorganic pigment used in the plastics 
and coating industries, comprising over 65% of the total consumption in 
different applications. Table 1.1 s~ows that the Ti02 pigment is widely used 
surface coatings for its excellent opacity, whiteness and thermal stability. 
Table 1.1 Titanium dioxide consumption according to 
different fields of application in year 2002 [ 4 ] 
Application Usage, % 
Surface Coatings . 50 
Paper coatings and filler 20 
Plastics 21 
Elastomers 1 
Others include ceramics, glass 8 
Due to increasing raw material and energy prices,· the prices of all Ti02 
pigments has further increased globally by US $0.05/Ib from 1st January 2006. 
Big manufacturers like Dupont Titanium Technologies, Millennium Inorganic 
Chemical Incorporation, Kerr McGee and Huntsman Pigments announced the 
price of Ti02 pigments was to increased to €130 per tonne in Europe [5]. 
1.4.2 History of Ti02 
The first discovery of the element titanium was made in 1791 by William 
Gregor, a British clergyman. In 1795, M.H. Klapoth separated the oxide from 
the mineral. He named the mineral as "titanium" after the Greek mythological 
Titans, the first sons of the earth. The first commercial grade was Ti02 
produced in 1918 as a composite pigment consisting of 25% anatase Ti02 and 
75% barium sulphate. "Pure" anatase pigment was commercialised by 1932. 
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In the late 1930s, a rutile crystal form of Ti02 was developed in the laboratory. 
The first commercial rutile Ti02 was manufactured by the sulphate process. It 
consisted of 30% Ti02 co-precipitated on 70% calcium sulphate base. In the 
early 1970s, it was phased out because of its inefficiency and unfavourable 
economics in the manufacturing process. "Pure" rutile pigment rapidly 
followed the commercial introduction of this Ti02/CaS04 extended product and 
became the forerunner of the modern rutile Ti02 we know today. 
1.4.3 Characteristics of Ti02 
Ti02 has a molecular weight of 79.9 and a melting point of 1855°C. It exists 
naturally in three crystallographic fonms, namely, the two different tetragonal 
forms, anatase and rutile, and a less common orthorhombic form, brookite. 
Only anatase and rutile forms are illustrated in Figure 1.2. 
Figure 1.2 Titanium dioxide cell structures (a) Anatase (b) Rutile [ 6) 
(a) 
• Ti 
o 0 (b) 
Only anatase and rutile are of commercial importance. Rutile has closer 
atomic packing in its crystal structure and is thus more stable, although the 
conversion from anatase to rutile occurs at elevated temperatures. The 
denser atomic crystal pattern of rutile causes it to have a higher density and 
refractive index than anatase. Therefore, rutile pigments are preferred. Their 
properties are compared in Table 1.2. 
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Table 1.2 Comparison of rutile and anatase [7) 
Property Rutile Anatase 
\ 
Crystal structure Tightly packed Less tightly packed 
Specific gravity 4.23 3.90 
Refractive gravity 2.70 2.55 
Tinting strength high 20-30% weaker 
Photochemical stability more stable less stable 
UV absorption stronger in 360-400nm weaker in 360-400nm 
Mohs hardness 7.0-7.5 5.5-6.0 
Both rutile and anatase have similar reflectance over most of the visible 
spectrum from 430nm to 700nm. However, below 430nm the anatase crystal 
has a lower absorption and hence gives a higher reflectance of blue-violet 
light. White pigment can also scatter light by diffraction as well as refraction. 
Diffraction is maximised when the diameter of the Ti02 crystal is slightly less 
than one half the wavelength of the light to be scattered. Light scattering due 
to diffraction is also affected by the spacing of the pigment crystals, as well as 
their diameter. When crystals are too closely spaced, the effect of diffraction 
on opacity is reduced. Figure 1.3 showing the optimum crystal size occurs 
around 0.20 ~m. 
Ti02 pigment consists of four types of particles. They are illustrated in Figure 
1 .4. Crystal size refers to the size of the fundamental crystal whereas particle 
size refers to the overall size of the particles, which may be single crystals or 
groups of crystals held together. Crystals are primary particles while 
agglomerates consist of crystals joined at their edges or corners and are 
formed during the manufacturing process, normally broken down during the 
disperSion process. Aggregates are groups of crystals joined at their faces 
through sintering during manufacture, which are difficult to break down. 
Flocculates are groups of pigment particles formed in a liquid when the 
particles collide and form loosely bound clusters as a result of the absence of 
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sufficient mutually repulsive forces to keep the particles apart from one 
another. All these different types of Ti02 particles are extremely important 
during mixing or storage. Therefore. the pigment needs to be incorporated 
and well dispersed effectively in each product. 
Figure 1.3 Relative light scattering power of rutile Ti02 for blue 
green and red light as a function of Ti02 particle Size [ 8 1 
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Figure 1.4 Different types of titanium dioxide particles [ 9] 
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Many Ti02 pigments are treated with inorganic coatings - oxides of 
aluminium, silicon, zirconium and their blends often being used. Such coatings 
can reduce the tendency for interactions between the pigment and other 
additives taking place, such interactions often leading to discolouration but 
improved weather resistance. Small amounts of organic compounds are 
added onto the inorganic coated Ti02 to improve dispersibility in plastics and 
enhance the efficiency of the size reduction process. 
1.5 Poly(vinyl chloride) [PVC] 
1.5.1 Introduction 
PVC was first recognised and characterised more than 100 years ago, but 
due to its poor thermal stability making processing difficult, it was not until 
about 1930 that it started to be commercially important. The problems caused 
by poor thermal stability were overcome by the development of suitable 
stabiliser systems. Other additives include processing aids and lubricants are 
added to promote better processing. PVC is now one of the world's leading 
synthetic polymers. 
Commercial manufacture is divided into suspension, mass, emulsion and 
microsuspension routes. The majority of PVC is produced via the suspension 
process. This method is frequently described as water-cooled bulk 
polymerisation. Because the polymerisation takes place inside the vinyl 
chloride (VCM) droplets suspended in water, by a combination of vigorous 
agitation and the presence of a protective colloid, (Le. suspending agent). A 
monomer free radical initiator is used such that the polymerisation takes place 
within the suspended droplets. The conversion from VCM to PVC is 
approximately 90%. The typical recipe and conditions of suspension 
polymerisation are shown in Table 1.3. 
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Table 1.3 Recipe and conditions for suspension 
polymerisation of vinyl chloride [ 10 ) 
Raw materials Conditions 
Introductioll 
Suspending agent: 0.05 to 0.5% Reactor: Stainless steel baffles 
Poly(vinyl alcohol) 
Emulsifier: 0.01 to 0.03% Polymerisation temperature: 
Sulphonated oil 5Q-552C 
Initiator: Lauroyl peroxide Reactor pressure: 0.7 MPa 
Water Reaction time: 15 hours 
1.5.2 PVC structure and morphology 
The conversion of VCM to PVC is shown in Figure 1.5. The chemical structure 
of PVC has a repeat unit of CH2CHCI. n is the degree of polymerisation that is 
equivalent to its molecular weight. The value of n depends on the 
polymerisation conditions. As different groups are bonded to a single carbon, 
stereoisomerisation will result for each appropriate asymmetric carbon atoms. 
Three different chain configurations are represented in two dimensions as 
shown in Figure 1.6. When all of the chlorine atoms are found in the same 
relative position [indicated as (1 )(2)), an isotactic chain results. When the 
chlorine atoms are in alternating configuration [indicated as (2)(3)). 
syndiotacticity occurs. When there is no order to the configuration [indicated 
as (1 )(2)(3)). heterotacticity results. 
Figure 1.5 Structures of VCM and PVC 
H Cl Conversion H Cl 
\ / ~ --c~ ---- f 1 C = C / \ 
H H H H 
VCM pvc 
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Figure 1.6 Stereoisomerism of PVC 
i r i i 
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PVC is an amorphous thermoplastic, which has a glass transition temperature 
(Tg) of approximately ao°c. However, PVC has approximately 10% 
crystallinity which is mostly associated with syndiotactic sequences (55%), 
thus it has a melting temperature (T m) over 210°C. As the degree of 
crystallinity is low, the polymer is transparent. 
As PVC is produced mostly via suspension process, PVC resin is obtained in 
particle form as described in section 1.5.1. Under the microscope, suspension 
PVC resin has a particle size of 100 to 150 ~m and is irregular in shape. Small 
particles around 1 ~m in diameter are known as the primary particles. They 
are directly formed in the suspension polymerisation. At higher magnification, 
microdomains within the primary particles are found, which are about 100 A 
in diameter. They are related to the PVC crystallites. The spaces between the 
primary particles are the porosity. This is particularly important in the 
production of plasticised PVC grades. When the PVC particle is subjected to 
heat and shear, the primary particles and microdomains will fuse into three 
dimensional networks [11 ,12]. Figure 1.7a shows that the PVC particle 
embedded in an epoxy resin and viewed under a scanning electron 
microscope (SEM). When the grain is cut into half and microtomed, the 
primary particles, microdomains and the porosity are clearly visible, as shown 
in Figure 1.7b. 
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Figure 1.7 Scanning electron micrograph of PVC suspension particle [ 12] 
(a) Cut through (b) Thin sectioning 
primary particles (11.1m ) 
microdomains (O.1I.1m) 
1.5.3 PVC market consumption and demands 
Today PVC is the third largest tonnage polymer, immediately after low density 
polyethylene (LDPE) and polypropylene (PP). Table 1.4 shows that the world 
consumption of PVC has increased tremendously over the past 60 years. It is 
recently reported that consumed a total world of about 29 million tonnes. 
Table 1.4 Historic worldwide PVC consumption [ 13] 
Year 1939 1950 1960 1970 1980 1993 1998 2000 
PVC 0.01 0.22 1.1 6.6 11 19.2 24 25.7 
consumption 
( million tonnes) 
The outstanding price/performance ratio of PVC (relatively low density, 
durable and versatile) makes it widely used in the construction industry. 
Figure 1.8 shows that Asia/Pacific is the largest global consumption (41%). 
Europe consumes about 28% whereas North America uses 25%. 
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Figure 1.8 PVC consumption by regions in year 2003 [14] 
AslaJPacffic 
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Rest of the 
world 
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Eastern Europe 
7% 
North America 
25% 
Introduction 
PVC has excellent electrical insulation properties, good impact strength and 
good chemical resistance to dilute acid, alkalis and aliphatic hydrocarbons. 
With all the necessary additives and processing methods, PVC can be made 
into a wide range of products. PVC was mostly used in wire and cable 
application. The application expanded to calendered sheet and film, coated 
fabrics, floor coverings, conveyor belts, gramophone records, rigid extrusions 
and mOUldings. Figure 1.9 shows the various applications in year 2003. In 
Western Europe, more than 50% of PVC consumption is in the strongly 
growing sector of building and construction. Pipes and extruded profiles 
consume about 1.5 million tonnes each. 
The three largest PVC manufacturers in Western Europe are Solvay, Ineos 
Vinyl Corporation, and Atofina. Table 1.5 shows each of them produced over 
1 million ton per annum. 
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Figure 1.9 PVC consumption in Western Europe in 
different application in year 2003 [ 14 1 
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others 
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Table 1.5 Western European producers in year 2003 [ 14 1 
PVC producer Total PVC capacity ( ktonnes) 
1. Solvay 2000 
2. Inoes Vinyl 1400 
3. Atofina 1100 
4. Vinnolit 650 
5. Norsk Hydro 600 
1.5.4 Vinyl 2010 
The European PVC industry has set up a sustainable development group 
called Vinyl 2010 with voluntary commitment in March 2000. The platform for 
implementation of Vinyl 2010 in United Kingdom is the British Plastics 
Federation (BPF) Vinyl Group. Vinyl 2010 is the instrument to deliver the 
industry's commitments. The groups are the European vinyl resin 
manufacturers, plastic converters and producers of stabilisers and 
plasticisers. The four founding members are : (a) The European Council of 
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Vinyl Manufacturers (ECVM); (b) The European Council for Plasticisers 
and Intermediates (ECPI); (c) The European Producers Association 
(ESPA); (d) European Plastics Converters (EuPC). 
According to the two progress reports from year 2004 to 2007 [15], Vinyl 2010 
has promoted health awareness, safety and environmental standards. The 
role of ECVM is to minimise the environmental impact, with the compliance of 
the PVC resin producers. The ECVM member companies agreed to stop 
using bisphenol A as an inhibitor in the polymerisation stage of PVC 
production by January 1, 2002. ECPI confirmed the safe use of plasticisers 
and completed the risk assessments for three types of commonly used 
phthalates. They are isononyl phthalate (DINP), di-isodecyl phthalate (DIDP) 
and di-butyl phthalate (DBP). ESPA is responsible for the use of stabilisers in 
PVC. It is reported that all the sales and use of cadmium stabilisers has 
ceased in the European Union since March 2001, although Vinyl 2010 is 
committed to phase-out the cadmium-containing PVC completely at the end of 
year 2006. With the support of EuPC, the sales of lead stabilisers will be 
reduced by 15% in year 2005, 50% in 2010 and to zero by 2015. Alternative 
stabilisers like calcium/zinc are being developed to replace lead-based 
systems by 2015. In year 2006, the reduction of using lead stabilisers is found 
to be 21 %. EuPC and its members are involved in recycling 50% of the 
collectable, available PVC waste from window profiles, pipe-fittings and 
roofing membranes by 2005, and 50% of flooring waste by 2008. The PVC 
waste collection shows an increment every year. Apart from UK, more 
European countries such as France and Germany are involved in the scheme. 
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CHAPTER 2 LITERA TURE REVIEW ON 
POL Y(VINYL CHLORIDE), ADDITIVES 
AND PROCESSING 
2.1 Introduction 
The literature review is separated into two chapters - chapters 2 and 3. 
Chapter 2 is concerned with poly(vinyl chloride) and the additives needed, and 
the processing for the extruded window profiles. Chapter 3 deals with the 
research on Ti02 pigment and the surface treatment. 
In this chapter, the following sections include: 
• degradation of PVC; 
• fusion of PVC; 
• effects of different additives (in various concentration) used in PVC with 
different processing methods. 
2.2 PVC and the role of additives 
2.2.1 Thermal dehydrochlorination of poly(vinyl chloride) [ PVC] 
A huge amount of research on PVC degradation is reported by many workers 
[16-19]. PVC has low stability at elevated temperatures, so it undergoes 
dehydrochlorination during processing. This is commonly refers to thermal 
degradation. The degradation of PVC starts at about 100°C, and the addition 
of heat stabiliser is therefore necessary to reduce the degradation. The poor 
stability of PVC is assumed to result from the irregular structures in the 
polymer. PVC resin is usually produced by free radical polymerisation .. The 
growth of a PVC macroradical is normally terminated by chain transfer to 
monomer. As a result, the labile chlorine atom in the carbon-chlorine bond is 
capable of dehydrochlorination. The mechanism of dehydrochlorination is 
shown in scheme 2.1. Hydrogen chloride (HCI) is slowly eliminated from the 
PVC structure until conjugated double' polyene sequences occur. 
Discolouration is observed. This process is called as '.'unzipping". The 
maximum number of conjugated double carbon bonds is 30; however, 6 to 14 
carbons are normally found. 
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Scheme 2.1 Mechanism of dehydrochlorination 
-CH2CHCI-CH2CHCI-CH2CHCI-! -HCI 
- CH2CHCI-CH2CHCI-CH2 • 
~ -HCI 
- CH2-CHCI-CH2C'H=CH2 + Cl' ! -HCI 
- CH=CH-CH=CH-CH=CH- etc 
2.2.2 Photochemical degradation of PVC 
PVC exhibits high sensitivity to the exposure to sunlight. PVC absorbs in the 
far ultraviolet (UV) region below the wavelength of 200nm. Hence, PVC can 
undergo photochemical degradation between the wavelengths of 300 to 
400nm. This is often referred to natural weathering. The first stage of 
photochemical degradation involves' the breaking of a chemical bond by UV 
light into free radicals [20]. 
hv 
Initiation step: R-X .. R' + 'X 
hv 
ROOH .. RO' + 'OH 
-18-
Chapter 2 Literature Review 
The propagation stage involves an addition of oxygen to produce free 
radicals, which react with the hydrogen from PVC and accelerate the oxidative 
. reaction. 
Propagation step: • 
• ROOH + R1 . 
Thus, the hydroxyl radicals formed break down the long sequence of 
conjugated double bonds into shorter sequences and abstract hydrogen from 
the PVC structure to initial further HCI loss by dehydrochlorination: 
ROOH + - CHrCHCI-C'H-CHCI -
-Cl" 
- CH2-CH=CH-CHCI -! -nHCI 
- CH2-(CH=CH)- 11+1 -
It was reported by Rabinovitch and Goodrich [21] that PVC turned yellow and 
formed "chalking" during and after degradation. The addition of titanium 
dioxide pigment affects the photochemical degradation of PVC. Further details 
on chalking are reviewed ,in Chapter 3, 
2.3 PVC: K-value 
Like other thermoplastics, the molecular weight of PVC resin has a marked 
influence on the processing behaviour and properties of end products. The 
molecular weight of PVC resin is expressed in terms of relative viscosities of 
dilute polymer solution, and it usually involves the measurement of the 
viscosity increase caused by the presence of the polymeric molecules in a 
pure solvent. The most fundamental method is to determine the intrinsic 
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viscosity, 11, which is related to viscosity average molecular weight, Mv by the 
Mark-Houwink's equation [22] : 
'1 = K.Mv a (2.1 ) 
where 11 is the intrinsic viscosity, Mv is the molecular weight, K and a are 
_constants which vary with solvent and temperature. Many manufacturers 
prefer to express viscosity data on PVC in the form of Fikentscher K-values, 
according to DIN 53726. The European standard test usually uses 0.5% 
cyclohexanone at 25°C. The Fikentscher K-value is obtained from the 
following expression [22] : 
10glOo 11 rei = + ( K X 10-3 ) .C 
[ 
75K2 X 10-6 j 
1 + ( 1.5K.c X 10.3 ) 
(2.2 ) 
where 11 rei is the relative viscosity, K is the K-value and c is the concentration 
in g 100 mrl. 
The commercial K-value ranges from 50 to 75. The higher the K-value the 
higher the molecular weight. A lower K-value gives a lower viscosity at a given 
temperature, and hence, it is easier to process and fuse faster. Obande and 
Gilbert [23] had studied the effect of K-values, ranging from 57 to 71, on the 
properties using capillary rheometry, differential scanning calorimetry (DSC) 
and resistance to methylene chloride (CH2CI2) solvation (these methods are 
discussed in details later in section 2.4.2). They observed higher K-values 
result in higher extrusion pressures at higher processing temperatures to give 
higher degrees of fusion at higher processing temperatures and better 
resistance to CH2CI2 attack. A higher K-value produces better mechanical 
properties in the end products [24]. Therefore the choice of K-value for a 
particular PVC composition is a compromise, based on the processability and 
product properties. For extrusion profiles, K-values of 60 to 68 are chosen. 
Window profile manufacturers normally use K-values of 66 to 68, which 
correspond to molecular weights from 78 000 to 86 000 [25]. 
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2.4 Fusion of PVC 
2.4.1 Introduction 
Literature Review 
The fusion of PVC can be defined as the conversion of PVC particles into a 
three dimensional network that mixes with required additives to produce 
desirable PVC end products. Therefore a fusion test is essential for evaluating 
PVC morphology. 
A schematic diagram of a PVC particle is shown in Figure 2.1. The 
suspension particle is 65-150 Ilm in diameter, irregular in shape with a rough 
texture. It exhibits finer structures within a co"oidal skin, under an optical 
microscope. These fine structures are primary particles around 1 Ilm range 
that are readily visible when sectioned. At higher magnification, the primary 
particles themselves are found to contain microdomains in the 10-30 Ilm 
range diameter [11,12]. 
Figure 2.1 Schematic diagram of PVC morphology 
Primary particle 
0.2 -1.5I1m 
Microdomain 
10-301lm 
Particle 
65 - 150 IIm 
- Colloidal skin 
Hattori et 8/ [26] observed the changes in the morphology of PVC during the 
extrusion process using an electron microscope. The inner structure of PVC 
primary particles changed at the extrusion temperature of 160°C and the 
particles were found to be losing their form more significantly, and producing a 
uniform continuous network at 180°C. The network started to break down at 
190°C until the break down was completed at 200°C. No noticeable changes 
were found to occur above 210°C. 
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Allsopp (27) used the morphology of PVC for the fusion in a single screw 
extruder and proposed the CDFE mechanism. Figure 2.2 illustrates the four 
different stages as followed: 
(a) Compaction where the individual grains are packed together, and some 
porosity is removed. Additives remain distributed around the grains. 
(b) Densification where porosity is further lost. 
(c) Elongation where the grains become elongated in the direction of shear. 
(d) Fusion where the grains fuse together to form a melt and the additives 
become distributed. 
Figure 2.2 CD FE mechanism of PVC fusion [ 27 ) 
{91@ 'COFE' ~. 0 gp-@; ~ Cl' __ Compact/on ~ MECHANISM _ ~'Denotes • 1- 130l'm GRAINS L 
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~Dd . 
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"" b 0 Jl 
C:7 ~ ~co .. 
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• • • 
• • 
• • 
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Fusion 
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Elongation 
Although PVC is considered to be an amorphous thermoplastic, it contains 
approximately 10% of crystallinity. Gilbert and Vyvoda (28) used a DSC to 
identify the occurrence of crystallites in PVC compounds. The primary 
, 
crystallites, which are equivalent to the level of fUSion, are obtained when PVC 
was processed at high melt temperatures. The secondary crystallites, which 
are equivalent to the melting of crystallites, are obtained for an unprocessed 
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pvc. More details about DSC technique on fusion are explained in section 
2.4.2. Hence, the CD FE mechanism is modified with both primary and 
secondary crystallinities and illustrated in Figure 2.3 [29]. 
Figure 2.3 Modified CD FE mechanism of PVC fusion [ 29 ] 
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Melt 
The degree of fusion depends very much on the physical, mechanical and 
chemical properties of the processed PVC. Various methods of assessing 
fusion are discussed in the following section. 
2.4.2 Methods of evaluating fusion level 
(a) Solvent Immersion 
The oldest method is the solvent immersion test. Acetone was the first, most 
widely used solvent. The time to the initiation of solvation is assumed to be 
the representative of the degree of fusion. However, there is a limitation of this 
test. It is essential to dry acetone beforehand. The influence of water affects 
the swelling of PVC. Solvent immersion test is a quick and convenient method 
but does not distinguish easily between samples possessing a fusion level 
over about 50%. A better approach has. also been studied, for measuring the 
equilibrium solvent uptake. However, the outcome is slow (may take up to 24 
hours) and there are wider variations in the results, therefore this method 
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does not appear to have potential [30]. CH2CI2 being less hygroscopic, has 
been suggested as an alternative solvent to acetone. Marshall and Birch [31] 
have developed and designed a test for extruded pipe, in which tapered pipe 
sections were immersed in CH2CI2 and the subsequent degree of attack 
noted. The extruded pipes with poor fusion allowed early solvent attack 
against the wall (swelling occurred and PVC disintegrated), while the solvent 
did not penetrate to the ones with good fusion. 
(b) Capillary rheometry 
It has been mentioned above that fusion is dependent on heat and shear, 
therefore the measurements based on temperature and pressure are crucial 
for assessing fusion. Thus, capillary rheometry is used. This method is based 
on the entrance pressure loss. The pressure necessary to extrude a sample of 
PVC through the capillary can be described as the following equation [32] : 
2L 
P = 1. -- + ];.(2'1 + SR) 
R 
where t = shear stress at the capillary wall 
'1 = viscosity 
SR = elastic formation 
L 
-- = length/radius of the capillary 
R 
(2.3 ) 
As pressure is a measure of melt elasticity, the pressure drop can be 
correlated to the fusion level of PVC. By using a zero length capillary, the 
entrance pressure loss can be equivalent to the pressure drop. However, the 
pressure is not an absolute value for the fusion level, and a standard fusion 
curve (Le. measurement of capillary extrusion pressure as a function of the 
, 
extrusion temperature), is necessary to establish for each PVC formulation 
denoted as A-C as shown in Figure 2.4. Hence, the degree of fusion is 
calculated using equation 2.4 [32] : 
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[
PS - Pm'n J Percentage of fusion = x 100 
Pmax - Pm'n 
(2.4 ) 
where Ps is the sample pressure. and Pmax and Pm1n are the maximum and 
minimum pressure values obtained from a standard fusion curve 
Figure 2.4 Standard fusion curves for different PVC formulations [32] 
Extrusion 
pressure 
Pmax 
-----------------------';O--~_ Formulation A 
Formulation B 
Pm'n Formulation C 
_______ ~ __ J 
Extrusion Temperature 
Krzewki and Collins [33] measured the degree of fusion of PVC compounds 
using a capillary die with a UD ratio of 0.24 at an extrusion rate of 6 sec·l • 
over a range of extrusion temperatures from 120°C to 220°C. The melt 
elasticity was found to increase with increasing fusion. They showed the 
correlation of melt elasticity with the morphological changes of processed 
PVC compounds. The morphological changes were evaluated using SEM. 
The PVC particle breakdown caused a decrease in initial extrusion pressure. 
When the microparticles start to compact and fuse together to form a three 
dimensional network. the extrusion pressure is found to increase again. 
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(c) Microscopic methods 
A variety of microscopic methods has been used to assess fusion. They do 
not provide quantitative information but give direct information about the state 
of a sample. Light microscopy methods, with a resolution down to around 
O.5~m, allow examination of both the grain and primary particle levels of 
morphology of PVC. Allsopp [27) used both transmission fluorescence 
microscopy and common light microscopy to investigate changes occurring 
during extrusion and hence investigate fusion mechanisms. However, both 
methods do not permit detailed study of fusion. A special microscopic 
technique known as differential interference contrast (DIC) is capable of 
detecting both grain and primary particle boundaries, hence allowing a precise 
study of fusion. 
(d) Differential Scanning Calorimetry (DSC) 
Guerrero et a/ [34) used infrared dichorism and x-ray diffraction to 
demonstrate that the crystallinity of sydiotactic PVC consists of two types of 
crystallites by their orientation behaviour and the lateral extension. The first 
type exists as a lamellar form while the other type of crystallites corresponds 
to the network of crystallisation and fringed micelles. Gilbert and Vyvoda [28) 
showed evidence of these two types of crystallites by obtaining two 
endothermic peaks. They used a Dupont Thermal Analyser with a DSC cell to 
measure the essential heat to raise the test specimen through a range of 
heating temperature and to record the eridothermic effects. Small specimens 
were cut from the compression moulded plaques, and heated from room 
temperature to 240°C at a heating rate of 20°C/min. The DSC thermogram 
shows an endothermic baseline shift, which corresponds to the glass 
transition temperature of PVC. This was agreed and also reported by Teh and 
his co-workers, a few years later [35). 
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Figure 2.5 DSC thermogram of compression moulded PVC [ 35 1 
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(A) unprocessed resin without additives (8) moulded at 170 .C 
Figure 2.5 shows two curves produced from two different moulded samples. 
Unprocessed PVC with no additives produces a single peak. This is denoted 
as curve A. The endotherm (H) changed when PVC was compounded with 
additives. Curve B consisted of two peaks. The first endotherm, H(a) under 
curve B, occurred at the heating temperatures ranging from 110 to 160QC. 
H(a) will increase in size with processing temperature. This represents the 
primary crystallinity and it is used to assess the level of fusion. The second 
endotherm, H(b) under ,the curve B, occurred at heating temperatures ranging 
from 160 to 220QC. It represents the secondary crystallinity upon subsequent 
cooling. It will decrease in size and shifts to a higher temperature as the 
processing temperature. The endothermic peaks under curve S, are 
separated by a characteristic temperature (T c). This is known as the onset 
temperature that equals the maximum processing temperature to which the 
specimens have been subjected. The degree of fusion can be determined by 
using H(a) and H(b) with the following formula: 
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H(a) 
%F= X 100% (2.5 ) 
H(a) + H(b) 
However, it has been reported by Tan [36] that the degree of fusion is not a 
good estimation for the fusion level in rigid PVC. H(b) is difficult to obtain, and 
thus may vary from the temperature chosen and affect the degree of fusion. 
He suggested using H(a) to compare the fused parts from various extruded 
samples. 
(e) Torque rheometry 
Some research using torque rheometry has been used to evaluate the fusion 
of PVC compounds. The studies have been typified by the use of Brabender 
Plasticorder [28,33,37-39]. A PVC blend is mixed by two rotors as the 
temperature of the mixture increases through shear and heat transfer from the 
cavity chambers. The torque output measurement indicates the flow 
resistance of the PVC particles. The morphological changes of the fusion 
process were monitored by removing small samples from the Brabender mixer 
at time intervals and viewing them under the SEM. Figure 2.6 showed the 
relationship between the PVC morphology and the torque values as a function 
of processing temperature. (1) Low torque values were first observed at 
100°C when there was no friction between the PVC particles. (2) The torque 
increased with higher shear. Signs of particles breakdown was observed after 
the heating temperature of 120°C. (3) Eventually the torque reaches to a peak 
at the pOint of fUSion, found to be approximately at 190°C. The torque 
decreased again after reaching its equilibrium. 
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Figure 2.6 PVC morphology changes in a torque rheometer 
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2.5 Effect of additives in PVC compounds 
Table 2.1 shows a list of material and additives commonly used for rigid PVC 
in the United Kingdom and the United States. They are tabulated according to 
their types of ingredients and the amounts used in different rigid PVC 
formulations. The end applications are mostly extruded profiles. The additives 
studied individually in this research and discussed in next few sections are the 
heat stabilisers, processing aids, lubricants, impact modifiers, fillers and 
pigments. 
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Table 2.1 Types of raw materials used for rigid PVC 
Material Used as Remarks Level Reference 
phr 
Suspension PVC resin Base K-value 65 100 23-25,28,35, 
polymer to 70 37,39-41 
Tribasic lead sulphate, Heat 
-
1.5-6.5 24,25,28,39, 
lead one pack, stabiliser 40,41 
bariumlcadmiumllead, 
disbasic lead stearate, 
dibasic lead phosphite 
Calcium stearate, Heat One-pack 4-4.5 41 
zinc stearate stabiliser 
Dibutyltin maleate, Heat 
-
1.5-3.0 23,25,28,35, 
dibutyltin-bis (isoocyl stabiliser 37,38 
mercaptoacetate), tin 
mercaptide, thiotin 
Poly(methyl Processing 
-
0.5-4.5 38,40,41 
methacrylate) [PM MA] aid 
Fatty ester, neural ester Internal 
-
0.4-0.5 38 
wax lubricant 
-
Paraffin wax, CaSt, ExternaV 
-
0.15 23,28,35,37, 
stearic acid Internal 39,40 
lubricant 
Methylmethacrylate Impact 
-
2-10 24,25,38, 
butadiene styrene, modifier 39,41 
acrylic, butyl acrylate 
Calcium carbonate Inorganic Chalk grade 5-10 25,35,40,41 
(CaCOa ) filler 
Titanium dioxide White Rutile type 2-7 25,35,40,41 
(Ti02 ) inorganic particle 
pigment size = 0.17 
to 0.26 IJm 
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2.5.1 Heat stabilisers 
Heat stabilisation is of extreme importance for PVC processing (as reviewed 
in section 2.2). A heat stabiliser is the most essential additive for every PVC 
formulation. Heat stabilisers may be classified into two categories - inorganic 
and organic types. The former are usually used as primary heat stabilisers. 
Lead salts, metallic stearates or organo-tin compounds are the typical types 
used. The latter is used as co-stabiliser, ,the examples are epoxy aliphatic 
resins, alkyl phosphates and polyols. Usually a low concentration, (less than 
5phr), is sufficient. Regardless of the stabilising system, all of them have a 
common function i.e. retarding PVC degradation .. 
The heat stabilisers are classified in accordance to their composition. Low 
, 
cost, lead compounds belong to the oldest groups of heat stabilisers. They 
are capable of substituting the labile chlorine atoms in the polymer chain and 
react with hydrogen chloride with the formation of lead chloride. Another 
advantage, is that lead chloride formed during the stabiliSing process has no 
destabilising effect on PVC. Common examples of lead stabilisers are tribasic 
lead phosphite and dibasic lead stearate. Lead stearate imparts a noticeable 
lubricating effect and thus has a double function in PVC processing. In all 
applications of lead stabilisers, lead stearate is combined with basic lead 
salts, in order to utilise the synergistic effect of such combinations. They allow 
good processibility and produce articles with a high Vicat softening point and, 
therefore good mechanical properties. Hence, they are very suitable for 
building and construction. However, they present a toxicity problem, hence 
their use is becoming restricted in many countries. 
The next group is metal carboxylate stabilisers, which have played such an 
important role in PVC stabilisation. They have the general formula of 
(RC02)2M where M is metal of barium (Ba), cadmium (Cd), and zinc (Zn) or 
calcium (Ca) and R is a linear or branched alkyl group, often a .stearate 
(C1sH3s). Stabiliser formulation has. been based on two component 
carboxylate mixtures although sometimes three combinations are used. BalCd 
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carboxylates are among the oldest PVC stabilisers. As they are self-
. lubricating, they can cause a plate-out effect during continuous operation. 
Because of the toxicity problem, Cd is no longer used. Nowadays Ca/Zn 
stabiliser is becoming more established because it is non-toxic. The stabilising 
action of a Ca/Zn stearate stabiliser is illustrated in Scheme 2.2. In reaction 
(a), active zinc chloride (ZnCI2) is produced as the by-product of metal 
carboxylate esters under dechlorination. In reaction (b), Ca(OOCR)2 converts 
back to Zn(OOCR)2 and so in doing so it converts into inactive CaCI2. This 
reaction occurs until all Zn(OOCRh is consumed. Hence, using a combination 
of carboxylates gives a synergistic effect. 
Scheme 2.2 Synergistic effect of Ca/Zn carboxylates [42] 
(a) 
Zn(OOCRh + 2CH2-CH I 
O-CO-R 
(c) 
.. Ca(OOCR)2 + 2HCI 
Organotin compounds with at least one tin-sulphur bond, are generally 
called organotin mercaptides or sulphur-containing tin-stabilisers or thio-tins. 
Thio-tins are the most efficient and now the most universally used heat 
stabilisers. They are not only able to react with HCI and eliminate initiating 
sites by substitution, but they also help impede auto-oxidation. They provide 
very high thermal stability and good crystal clarity of finished products, an 
advantage in the manufacture of rigid PVC packaging and overhead 
transparency film, bottles and containers. However, thio-tins are classified as 
toxic and their use is restricted in some countries. Formulations that contain 
organotin mercaptides and cadmium or lead containing stabilisers, may 
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discolour because of the formation of cadmium or lead sulphide (known as 
"sulphur staining"). Others, such as certain octyl-tin compounds, are 
considered as acceptable stabilisers. Di-n octyltin-bis (isooctylthioglycolate) is 
used and approved worldwide in food packaging and portable water pipes, 
while methyltin stabilisers are approved in Europe for the manufacturing of 
bottles. 
2.5.1.1 Effect of heat stabilisers in PVC formulation 
Ocskay et a/ [43) have examined the thermal stability of rigid PVC 
formulations containing calcium (Ca) and zinc (Zn) ol.eates. They found that a 
Ca:Zn oleate ratio of 2:3, (by weight), was optimum if the initial colour is 
important. Higher Ca content leads to poorer initial colour but long term 
stability improves. Higher Zn content improves initial colour but reduces long 
term stability. Abbas and Sorvik [44) further examined the effectiveness of a 
number of secondary stabilisers in a Ca/Zn stearate system. Different organic 
compounds such as polyols, with a concentration of 0.2 phr, were added as 
synergists to a 0.5phr/0.5phr Ca/Zn stearate system and subjected to stability 
tests. Trimethylol propane was found to be the best synergist, showed better 
colour stability and was a lot cheaper than other types of polyols. They also 
noted that the addition of polyols not only improve the thermal stability of PVC 
but also its rheological properties. The melt viscosity was slightly lowered. 
The difficulties of adjusting stabiliser concentration have given rise to the 
development of stabiliser-lubricant one pack. This has shown a more rapid 
growth in Europe than in the USA. One pack provides the user with a number 
of benefits: easier storage and preparation, improved hygiene in the 
workplace and lower costs for developing formulations. 
The weatherability of processed PVC is more or less linked directly to thermal 
degradation undergone during PVC processing. Gervat and Morel [25) studied 
how different heat stabilisers in varying amounts affected extruded PVC 
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window profiles in an artificial weathering test. The exposure lasted up to 4 
years and the yellowing indexes were measured. The extruded PVC profile 
with a lead/barium/cadmium stabiliser, produced a lower rate of discolouration 
than one with lower stabiliser content. Tin mercaptide systems were found to 
exhibit the quickest rate of both photo-oxidation and discoloration, while Ca/Zn 
based stabilisers gave both the lowest photo-oxidation rate and the best 
colour retention. 
2.5.2 Processing aids 
Suspension PVC particles have a mUlti-dimensional structure with a hard skin 
which makes fusion very difficult, (as reviewed in section 2.4). Hence, high 
polymeric materials are added to PVC compounds in small quantities to 
improve their processing characteristics. They are sometimes called ''flow 
improvers". In general, processing aids have two main functions, one is to 
promote fusion; the other is to provide a lubricating effect. 
Acrylic copolymers have very good compatibility with PVC. Typically they 
have longer chains than PVC with high molecular weights and low Tg; the 
molecular weights of the copolymers are between 1.2 x 105 and 3.8 x 105 
g/mol. Lower molecular weight reduces the melt viscosity of PVC and gives 
excellent melting action. Higher molecular weight increases the viscosity 
slightly yet still improves the melting action. This is because the acrylic 
copolymer can entangle with the PVC chains and act as physical crosslinks. 
They transfer the shear generated by processing and promote fusion. At the 
same time, acrylic copolymer also gives lubrication to the processing 
equipment during processing to reduce the possibility of buil~-up product and 
plate out. More details on plate-out are discussed in section 2.7. Figure 2.7 
illustrates the entanglements between the processing aid and PVC chains. 
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Figure 2.7 Effect of processing aid in PVC 
Processing 
aid 
Entanglements 
in PVC 
2.5.2.1 Effect of processing aid in PVC formulation 
Koisor and Stachurski [39] studied the effect of PMMA processing aid 
(Paraloid K120N) in a lead stabilised PVC formulation, using a Brabender 
Plasticorder over a range of charge weights, mixer temperatures and rotor 
speeds. The morphological changes of the fusion process were monitored by 
removing small samples from the Brabender mixer at timed intervals and 
viewing them under a SEM. Increasing PMMA levels reduced the fusion time 
but produced high torque, as shown in Figure 2.8. This trend would indicate 
that the most efficient usage level occur between 2 and 3 phr. They 
investigated the effect of mixer temperature on fusion behaviour and observed 
that the torque increased and reached a maximum peak before it decreased 
again from 80'C to 200'C. At 80'C, PVC particles started to breakdown and 
the additives were dispersed into the PVC resin. Between 120 to 160'C, no 
torque was observed and the samples produced partides down to 5 ~m 
agglomerates. Then the temperature had reached 180'C, further shearing and 
heat caused nearly all of the 1 00 ~m PVC partides to be broken down. With 
the presence of the PMMA processing aid, greater cohesion leads to higher 
mixing torques and consequently fastens the PVC partide break down rates. 
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Figure 2.8 Torque against time plots for PVC compound 
with varying amounts of PMMA processing aid [ 39] 
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These conclusions are consistent with the work of Krzewki and Collins [38]. 
They reported that higher processing aid concentrations would provide a 
higher degree of fusion at any given processing temperature than the 
unmodified resin. However, too much processing aid would produce too much 
friction, while too low a concentration prolongs the processing time. A 
concentration not more than 2 phr is normally used. 
2.5.3 Lubricants 
PVC cannot be normally processed without lubricants and therefore, is 
another important additive. Normally rigid PVC requires about 1% lubricant. 
The choice of lubricant depends on the method of processing in order to 
obtain the desired shear for an appropriate melt flow. They are divided into 
internal and external types. The former are readily soluble and highly 
compatible with PVC polymer. They are typically fatty acid esters and fatty 
alcohols, which reduce the melt viscosity of ~VC melt to promote fusion. 
Higher polarity internal lubricants give better solvating action and hence, 
accelerate the melting of PVC primary particles. The latter influences the 
dynamic friction between the polymer melt and the wall of the processing 
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equipment. These lubricants are of limited compatibility with PVC having only 
limited solubility. Typical types include paraffinic wax. They are required to 
form a lubricating layer between the PVC melt and metal wall of the 
processing equipment. At excessive concentration, the lubricant may become 
a receptive site to other additives and cause plate-out. 
2.5.3.1 Effect of lubricants on fusion 
Krzewki and Collins [37] studied the effect of calcium stearate (CaSt) and 
paraffinic wax on the progression of fusion of PVC compounds, using a 
Brabender Plasticorder. They observed CaSt either facilitated or delayed the 
fusion process. Increased CaSt levels without paraffinic wax, decreased 
fusion at relatively low temperatures. Increased CaSt levels with paraffinic 
wax enhanced the fusion process. Hence, paraffinic wax is shown ·to delay 
PVC particle breakdown and the fusion process. At the same level of CaSt, 
PVC compounds without paraffinic wax, fused faster than the compounds with 
paraffinic wax. 
The usage of different levels of various lubricating packages on PVC extruded 
profiles has been studied by several workers [45]. They found that 
formulations with the highest level of lubricants, reached the highest melt 
temperature and fusion level but reduced the impact resistance of the 
extruded. profiles. This was because PVC fused and formed a three 
dimensional crystalline network as the melt temperature increased. Hence, 
the yield stress was increased which restrained the molecular motion and 
reduced the toughness of the material. 
2.5.4 Impact modifiers 
Impact modifiers may be classified into two categories: organic and inorganic 
materials. The organic materials used are normally elastomeric materials with 
low glass transition temperature (Tg), ranging from -70"C to -50"C. These are 
added to improve the impact performance of rigid PVC at ambient 
temperatures. This is used at a concentration of 5% up to 15% depending on 
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the mechanical properties of the end product. The inorganic type is calcium 
carbonate filler, (refer to the review in the next section). 
A typical impact modifier consists of a core shell, that is composed of a 
crosslinked elastomeric core and a thermoplastic shell. The elastomeric phase 
is generally composed of acrylic monomers, including butyl acrylate and 
methyl methacrylate. This is normally known as an acrylic impact modifier 
(AIM). The other type of core shell consists of styrene butadiene 
copolymers such as methyl methacrylate styrene-butadiene (MBS) or 
acrylonitrile butadiene styrene terpolymer (ABS). Figure 2.9 illustrates an 
example from each type. It is seen that PMMA always exists as the outer core 
shell. It plays an important role in the PVC matrix. The rigid MMA phase 
encapsulates the elastomeric core (acrylic or styrene butadiene), which 
facilitates the impact modifier as a free-flowing powder. Different cores are 
used for different applications. Acrylic is more weather resistant, so it is 
suitable for out-door applications like window profiles. Styrene butadiene is 
more elastomeric, therefore it used in packaging application. The MMA shell 
ensures the dispersion of the primary particles into the PVC matrix. During 
processing, the shell interacts with PVC melt and produces good 
processability. In addition, the elastomeric phase absorbs impact energy and 
protects the PVC matrix from catastrophic failure in service. Acrylic impact 
modifiers are quite similar to processing aids except they are present as a 
separate phase while the latter are dissolved in the PVC matrix. 
Figure 2.9 Types of impact modifiers [ 8] 
(a) AIM (b) MBS 
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2.5.4.1 Effect of impact modifiers in processing 
Two different PVC compounds with and without an AIM were extruded by 
twin-screw extrusion. The storage moduli of the extruded profiles were tested 
. using a dynamic mechanical analyser. The storage modulus was found to 
increase with a higher degree of fusion. The profiles added with AIM showed 
great improvements in their impact strength extruded at the melt temperatures 
ranging between 160 to 185°C [46]. 
Krzewki and Collins [38] studied that the effect of three different modifiers, 
which were a PMMA copolymer (processing aid), MBS terpolymer (impact 
modifier), and a-methyl styrene-styrene acrylonitrile terpolymer (heat 
distortion modifier), on fusion. Concentrations of 2 and 5 phr were evaluated 
with a tin stabilised PVC formulation using a Brabender Plasticorder. They 
found that the presence of impact modifier or processing aid increased the 
torque and work input at lower temperatures, presumably due to an increased 
inter-particle friction. The shear stress within the PVC particles accelerates the 
fusion process. Consequently a higher degree of densification of PVC 
compound was obtained. In addition, as both impact modifier and processing 
aid levels increased, the extent of fusion increased. Figure 2.10 shows that at 
180°C, the extent of fusion for 0, 2 and 5 phr of processing aid is 25, 50 and 
72% respectively. 
Cora et a/ [45] studied the effects on the combination of different types of 
impact modifier and different levels of calcium carbonate (CaC03) filler on the 
toughness of PVC profiles. The PVC compounds were extruded with two 
different processing temperatures and the extruded profiles were tested under 
a double notch impact strength test. The crossl.inked acrylic rubber system 
was observed to perform better than the uncrosslinked rubber system. Both 
systems produced higher impact strength at the melt temperature of 190°C 
than those produced at 200°C. Both systems produced a greater difference in 
the impact strength with increasing CaC03 filler contents. 
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Figure 2.10 Normalised fusion curves for compounds containing 
o ( 0 ),2( <> ) and 5 phr ( 6) of processing aid [ 38] 
100 
-
80 
:;:,.!?: 
-
-e> 
2! 60 
.: 
.... 
e> 
Q) 
40 Q) 
;.. 
~ 
Q) 
~ 
Q) 20 > .~ 
-a; 
c:: 0 
unprocessed 140 160 180 200 220 
Stock ten1,eriture (oC ) 
2.5.5 Fillers 
Fillers are solid additives that are normally added to polymers to increase bulk 
density and reduce costs. Fillers have higher densities than the polymers, 
mostly more than 2.0 glcm3; .therefore they have a big impact on the 
processing and mechanical properties of the end products. The selection 
largely depends on the filler type, particle size and the concentration level. 
The most commonly used fillers in PVC compounds are the carbonates. 
CaC03 is found naturally in different forms, of which calcite is readily 
available. It is a soft mineral with a Mohs hardness of 3.0 and a density of 2.7 
glcm3 . It is birefringent, having refractive indices of 1.48 and 1.65. Ground 
CaC03 (GCC) is the most common form and it is usually added at a 
concentration ranging from 3 to 30phr depending on the end application. 
Usually 10phr is used for rigid PVC windows and pipes. In modern usage, 
CaC03 is coated with a surface coating. The ~Iassic type is stearic acid which 
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gives a hydrophobic behaviour to boost the processing and surface finish. 
More details on surface coating are discussed in Chapter 3. 
Other mineral powders are also added in PVC formulation as fillers. However, 
only common types are briefly outlined here. Clays are normally added to 
improve the surface gloss and smooth finish. Talc is normally used for 
electrical insulation, heat and moisture resistance, and to improve flexural 
properties of mouldings. 
2.5.5.1 Effect of CaC03 filler in PVC formulation 
The effect of different CaC03 filler levels was studied on the impact strength of 
extruded pipe containing 1 phr of processing aid. 5phr or more CaC03 filler 
was found to maintain the impact resistance of the pipes. Thus many 
manufacturers use CaC03 filler to increase cost savings [47]. 
Cora et a/ [45] studied the effect of different levels of CaC03 filler (3, 7 and 
10phr) on the impact strength of PVC extruded profiles. They found out that 
CaC03 filler level should not be too high; otherwise, it adversely affects the 
impact strength of PVC profiles. They also observed that a high CaC03 
content in the extruded profiles tends to lead to greater degradation. 
It is reported [48] that preCipitated CaC03 filler (PPC) has a more regular and 
controlled crystalline shape than GCC, which further benefits the PVC 
processing. PCC can act as a processing aid to promote fusion and as a 
reinforcer to improve the impact strength of the extruded profiles. 
2.5.6 Pigments 
Pigments are mainly added to provide colours and cosmetic effects to the 
PVC compound. Pigments are categorised into organic and inorganic types. 
Organic pigments are divided into three main types - polycyclic, azo and 
metal complexes. Each type gives different ranges of colour in PVC systems. 
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The inorganic pigments are normally white and consisted mainly of titanium 
dioxide, zinc oxide, alumina oxide, magnesium oxide or antimony oxide. 
Titanium dioxide, Ti02 is the whitest of all, providing high opacity and thermal 
stability to the PVC compounds. It has a Mohs hardness of 7.0, a density of 
4.2 g/cm3 and a high refractive index at 2.70. Normally about 4-5phr is used, 
but higher concentrations are used when the weatherability is concerned. The 
occurrence of chalking also helps to retain the whiteness of the end products. 
Chapter 3 contains further details regarding this aspect. 
2.6 Dry blending 
In PVC compound preparation, the first step is the dry blending before the 
compound is ready for further processing and testing. The PVC mixture is 
normally referred to as dry blend. A high-speed mixer is still technically the 
best and most common used method for mixing the dry blends, and the 
process is called dry blending. 
A high-speed mixer normally consists of a heated mixer and a cooled mixer in 
different sizes ranging from a laboratory scale up to a production scale, (Le. 4 
litres to up 8000 litres). Inside the heated mixer, there is a rotor blade, which is 
capable of high rotational speeds where the dry blend is mixed. The cooler is 
necessary to provide a rapid and uniform cooling after mixing. The high-speed 
mixer is a batch-wise process where the intensive swirling action and the 
rubbing of the particles against each other and against the rotor blade, heats 
the material to be blended to a temperature above the glass transition 
temperature of PVC. The breakdown of aggregates depends on the heat 
produced from heater temperature and shear from rotating blade against the 
heater wall. The optimum dispersion level for the dry blend is only achieved if 
the mixing temperature exceeds the melting pOint of one of the additives. 
Higher rotor force also produces higher heat and shear, which causes more 
agglomerates to be well dispersed. 
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Based on a laboratory-scale mixer, all the raw materials are usually mixed 
from a heating temperature from ao°c to 120°C and then cooled to 40°C. The 
rotor speeds are usually not more than 4000rpm. The mixing time is not as 
crucial as the heating temperature, however, it should not be too long (up to 
20 minutes) in order to prevent overheating and degradation. 
Some manufacturers prefer to add Ti02 pigment to the PVC mixture once the 
heating temperature is about ao°c (Le. above PVC softening point). This is 
because rutile Ti02 pigment is abrasive and it may cause abrasion in the 
mixer. The resulting abraded metal particles can lead to colour changes and 
to undesired greying, especially in white blends. Wolfen [41] reported the 
addition of both Ti02 pigment and CaC03 filler at different heating 
temperatures in a high speed mixer produced significant effects on the 
extrusion process. The torque value and melt pressure decreased with 
increasing heating temperature. 
2.7 Processing of rigid PVC: extrusion 
The morphology of PVC affects its physical properties. The addition of 
necessary additives in the formulation, affects the desired properties of the 
PVC compound. However, the final properties of PVC compounds depend 
very much on the processing. Studies have been carried out on laboratory-
scale single screw extruders [29,35,49] and twin-screw extruders 
[24,40,41,45,46]. to produce PVC profiles at temperatures ranging from 170 to 
195°C and at a screw speed of 20 to ao rpm. 
Covas and Gilbert [29] studied samples that were collected from the solid bed, 
melt pool, and solid bed/film of melted material interface in a single screw 
extruder, using electron and optical microscopy, density measurements and 
thermal analysis. The CDFE mechanism, (as discussed in section 2.4.1), was 
observed first and subsequently, the breakdown mechanism dominated. A 
processing temperature in the range of 193 to 204°C was found to produce 
the optimum properties for the extrudates at a fusion level between 60 and 
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75%. Several workers [26,50] also studied the morphology changes of PVC 
by examining the extrudates under scanning electron microscopy. The 
primary particles were broken down when the fusion occurred at the melt 
temperatures between 185 to 190°C. PVC is such a heat-sensitive material 
that even a small difference in the heating temperature can produce a 
significant effect on the fusion rate. Hence the quality of the end product 
depends on good processing conditions. 
Thomas and Harvey [24] studied the effect of processing variables on the 
properties of an impact modified PVC formulation using a twin-screw extruder. 
They observed that increasing extruder screw speed produced higher torque, 
melt pressure and output of the extrudates. The degree of fusion also 
increased with increasing screw speed. However, the melt pressure 
decreased when the barrel and screw temperature were increased. Good 
Charpy impact results were obtained at low screw speed and high barrel 
temperatures, and at high screw speed and low barrel zone temperatures. At 
low screw speed and temperature, the extruded PVC profiles were poorly 
fused, whereas at high screw speed and temperature the profiles are over 
fused. Bortel and Szewczyk [49] also reported the degree of fusion increased 
with increasing processing temperature. However, the highest screw speed 
did not produce the highest fusion level for the PVC compound, because 
higher screw speed provides shorter residence time to the PVC melt inside 
the extruder barrel to induce enough heat and shear. 
2.7.1 Problems encountered during extrusion: plate-out 
PVC is always processed with various types of additives. These additives can 
form undesirable deposits on the equipment's metal surfaces or the die during 
long extrusion runs. These deposits are known as "plate-out". Plate-out 
. produces surface defects in protJucts such as die lines and, blemishes. In 
addition, these deposits provide sites sticking, leading to degradation and 
consequently a machine will require shutdown for laborious cleaning. 
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Plate-out is the result of material transfer by a fluid system incompatible with 
the plastic matrix [51). Figure 2.11 shows the diagram of plate out deposits on 
the tips of twin screws. Lippoldt reported that the hydrocarbon stabiliser 
solution dissolved the lubricant, which in turn adsorbed onto the polar 
surfaces of inorganic additives such as Ti02 pigment or CaC03 filler. These 
agglomerates separated from the hot PVC melt in the extruder because of 
pressure drops in restricted die areas. As a result this solid layer served as a 
receptive surface for further deposition. Gilbert and her co-workers [52) 
analysed ten plate-out samples collected from a number of sources using 
different PVC formulations by a range of techniques. The deposits were 
confirmed to be inorganic materials such as fillers and pigments. 
Figure 2.11 ·Plate-out" deposited on the tips of twin screws [ 51 ) 
·Plate-out" 
"Plate-out" 
Huntsman Pigments [7] reported that the mechanism of plate-out is also partly 
due to the incompatibility between certain stabilisers and lubricants. They 
suggested that the addition of micronised silica to Ti02 pigment is able to 
avoid high abrasiveness. Other factors that can help reduce plate-out include 
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using finer particle polymers, compatible acrylic processing aids and 
maximising the processing conditions (improve pigment dispersion). 
Minimising the moisture content of formulation ingredients through proper 
storage and handling may also help. Other possible solutions for plate-out 
include: 
(a) increasing the proposed proportion of Ti02 and CaC03 to compensate 
the loss; 
(b) use less lubricants, zinc stabilisers are less prone to plate-out; 
(c) add small amounts of PMMA resin; 
(d) add low molecular weight PE. 
In modern production, surface treated fillers are increasingly in demand. The 
improved dispersibility from coated fillers facilitates the processability of the 
extruders. Thus, the tendency of machine wear out and/or plate-out is 
reduced. 
Kayser [53] views the reason for the deposits on dies, adapters or screws as a 
result from the corrosive attack from extruding PVC sheets with abrasive 
pigments over time. Thus, he proposes a coating of titanium or chromium 
nitride over the extruder screw. The purpose of the coating is to isolate the 
catalytic steel surface of the die and screw from the PVC and to counteract 
abrasive corrosion preventing deposition on the tools. 
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CHAPTER 3 LITERATURE REVIEW ON 
TITANIUM DIOXIDE PIGMENT AND 
ITS SURFACE TREATMENT 
3.1 Introduction 
In this chapter, an extensive review of Ti02 pigment is given. It is divided into 
two sections. 
The first section reviews the properties and characteristics of Ti02 pigment 
(sections 3.2 to 3.5). They include: 
• particle size; 
• photochemical and photocatalytic degradation; 
• dispersion; 
• colour. 
The second section reviews the surface treatments for Ti02 pigment (sections 
3.6 to 3.12). They include: 
• types of inorganic and organic coatings; 
• contact angles and surtace energies mainly on solid surtaces; 
• factors affecting the optimum coating levels. 
3.2Titanium dioxide pigment ( Ti02 ) - general introduction 
Titania is the mineral form of titanium dioxide, Ti02. Ti02 is very stable when 
heated at processing and use temperature, it is insoluble in water, and is 
unaffected by atmospheric gases, such as hydrogen sulphide and sulphur 
oxides. It can occur in three crystalline modifications, namely the two different 
tetragonal forms, anatase and rutile, and a less common orthorhombic form, 
brookite. Only anatase and rutile are of commercial importance as pigment 
and Ti02 manufacturers have greater interest in the rutile form. Anatase Ti02 
pigment is much more photoactive than rutile grades which is less favourable 
for products (this will be discussed in section 3.3). 
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Ti02 is normally added to PVC as a colourant because of its opacity, 
whiteness and stability. Figures 3.1 and 3.2 both show that Ti02 is an effective 
absorber of ultra-violet (UV) light. The Ti02 crystal absorbs all the light in the 
UV region from 270nm to 420nm. Rutile Ti02 has a much closer atomic 
structure that produces a higher density. Hence, it has greater absorption of 
UV light that gives a better protection to the polymer [3,6,7,21,54]. 
Figure 3.1 Spectrum of rutile titanium dioxide single crystals [ 21 1 
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3.3 Opacity 
Opacity is sometimes known as hiding or covering power. It is achieved by 
preventing light from passing through the material. The light scattering 
I 
behaviour has been shown to be dependent on three separate phenomena: 
surface reflection, refraction and diffraction [55]. These take place at the 
interface between the pigment and its surroundings, normally a polymer. The 
reflecting properties of a pigment particle depend on the difference between 
the refractive indices of that particle and of the medium surrounding it. 
According to Fresnel's law, the simplified form of the reflective equation is 
expressed as [3] : 
F = 
( nl - n2 )2 
( nl + n2)2 
( 3.1 ) 
where F is the reflectivity, nl is the refractive index of pigment and n2 is the 
refractive index of medium. 
When a portion of light strikes a transparent medium and it is not reflected, it 
penetrates with a change in direction dependent upon the refractive index 
differences between the medium and its surroundings. The higher the 
refractive index (R.I.), the higher is the scattering power of the pigment. The 
RI of a polymer is about 1.5. Rutile Ti02 has a high RI at 2.71. Thus, rutile 
Ti02 produces excellent opacity for the polymer. Figure 3.3 shows how light is 
reflected and refracted for a single Ti02 pigment particle. Some of the light is 
reflected at the surface, whilst some passes into the pigment (refracted) and 
maybe refracted out or internally reflected. Figure 3.4 shows the light 
reflection and refraction for a concentration of Ti02 pigment particles. It is 
observed that the light is scattered in many different directions. Thus, 
increasing the loading of Ti02 pigment particles can improve the opacity of 
Ti02 pigments. 
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Figure 3.3 Light scattering for a single Ti02 pigment [ 55] 
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Figure 3.4 Light scattering with a concentration of Ti02 pigment [ 55 ] 
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3.3.1 Optimum pigment particle size and pigment concentration 
Light is an electromagnetic wave. For visible light, the length of the wave may 
vary from 0.4 to 0.8 microns, which embraces the whole range of colour. A 
human eye is most sensitive to yellow light, which has a wavelength of about 
0.5 microns; therefore the optimum particle size of a white pigment will be 
0.25 microns [56]. Figure 3.5 gives an indication of the effect of Ti~ pigment 
on opacity. It is shown that the greater the particle size, the better is the 
relative opacity. However, the best opacity occurs at just over 0.2 microns. 
The particle size is normally determined by the crystal size, which is controlled 
solely by Ti02 manufacturers. 
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Figure 3.5 Effect of particle size on opacity [ 55 ] 
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An effective opacity also depends on the pigment loading. The pigment 
loading also has an optimum point whereby the light scattering is at the 
maximum. This is often known as the pigment volume concentration (p.v.c), a 
concept normally used in the paint industry. p.v.c is expressed as a 
percentage on a scale. 0 represents transparency while 100 represents 
complete opacity. The best pigment concentration is found between 10 % to 
20 % [55,56]. 
3.4 Processing of Ti02 pigment 
3.4.1 Dispersion 
The optical properties, which characterise the Ti02 pigment, become effective 
only when the pigment is well dispersed in the polymer matrix. The Ti02 
pigments resulting from the production process are present in the form of 
primary particles, aggregates and agglomerates. Dispersion of pigments 
means breaking up of the agglomerates into smaller particles and their 
simultaneous wetting by the medium. The aggregates are mainly formed 
during oxidation, (i.e. the chloride process), although some may form during 
drying after coating; on the other hand, agglomerates are formed during 
drying or storage of the pigment. The process of dispersion can be regarded 
as consisting four stages [2,3,9] : 
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(a) Deagglomeration - reduction of agglomerates into smaller particles by 
mechanical energy, for example ball milling during manufacturing process. 
(b) Wetting - formation of a close contact between the pigment particle and i 
the surrounding medium. 
(c) Disruption - breaking down of agglomerates and aggregates in the case 
of high speed impeller. 
(d) Stabilisation - maintenance of the dispersed state (pigment particles tend 
to reagglomerate again) 
Rutile Ti02 pigment exists in a state of greater or lesser agglomeration, 
depending on the preparation and use conditions. The forces between the 
polymer/particle contacts may strongly influence its wetting and adhesion. 
This in turn helps determine the interaction forces between the contacting 
particles. Further details on the surface interaction are discussed in section 
3.10. 
3.4.2 Colour stability 
Processing includes not only the compounding of the polymer but also the 
product manufacturing steps. Just because a polymer system is able to 
withstand the rigours of processing does not necessarily suggest that the 
colourants used in other application are adequate and workable in a new 
application. Therefore, the testing of colour is essential. Colour is classified by 
the colour index (C.I) with a coding system, which is developed under the joint 
sponsorship of the Society of Dyes and Colourists (SDC) in United Kingdom 
and the Association of Textile Chemists and Colourists (AATCC) in United 
States. Ti02 pigment is identified as pigment white 6 with C.I 7789. It is 
preferred to other white pigments due to its high whiteness and opacifying 
power at relatively low loadings [57,58]. 
The L*, a* and b* colour space (also known as CIELAB) developed by 
Commission Internationale d'Eclairage (Cl E), is presently the most popular 
colour space for measuring object colour. Figure 3.8 illustrates the three-
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dimensional. colour space for CIE 1976. The first coordinate, L" indicates 
lightness, and a" and b" are the chromaticity coordinates. The red direction is 
represented by +<;1, and -a represents the green direction, +b indicated the 
yellow direction, and -b represents the blue direction. The centre is 
achromatic. The gloss or surface structure of an object affects its appearance. 
An object can be made to look lighter or darker as well as to have slight shifts 
in hue depending on the surface. This is due to the light scattered and 
absorbed differently at the surface of the object due to the surface itself. 
Rough surfaces have a tendency to scatter more light. Smaller particles of 
Ti02 preferentially scatter light of shorter wavelength, appearing bluer while 
larger particles tend to.appear as yellow [1,57]. 
Figure 3.6 Illustration of the colour solid for CIE 1976 
( L "a"b") colour space [ 57 ] 
Green 
---
White +L* 
.------
---
--. ---
-------------------
Black 
Red, +a* 
Thomas and Harvey [24] investigated how processing condition affected the 
colour and gloss of extruded PVC strips. Increasing the temperatures of the 
heating zone brought a significant increase in b" (yellowing) but higher gloss 
value. Higher extruder screw speed caused a significant decrease in b" and 
gloss. 
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The total colour difference after a period of time (weathering) is defined as t.E. 
It is non-dimensional and at least one AE weathering unit is required before 
the human eye can begin to detect a weathering difference [3,59] : 
(3.2 ) 
Gervat and Morel [25] studied the weathering of PVC profiles with both 
SEPAP 12.24 artificial weathering device and outdoor weathering using 
various types of additives on different processing equipments. Yellowness 
index, opacity density and tensile impact were measured and compared. They 
concluded that the type of additives influenced the rate of photo-oxidation of 
PVC. They observed that Ca/Zn stabilisers gave both lowest the photo-
oxidation rate and the best .colour retention and, PMMA impact modifier was 
less oxidisable. More Ti02 pigments produced a higher degree of chalking. In 
addition reasonable processing conditions of PVC were necessary for good 
weathering properties. 
Similar tests were conducted by Schmelzer and Haug [60]. They studied the 
weathering of PVC profiles with two types of artificial weathering machines 
and out-door weathering. Four types of Ti02 pigment with different degrees of 
photostabilisation were used in two concentrations of 4 and 6 phr. PVC resins 
were stabilised with Ca/Zn or Pb compounds. The mixtures were processed 
and compared on a laboratory extruder and a two roll-mill. Pb-stabilised test 
specimens were found to appear more yellowish. 
Stoloff [59] studied the natural weathering of white PVC sidings located in 
different locations and angle of exposure. He observed that the PVC sidings 
generally increased in yellowness to a maximum after approximately two 
years. Because of the chalking occurred on the surface of PVC sidings, the 
yellowing effect is reduced. Details on chalking is reviewed in section 3.5 
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3.5 Photochemical and photocatalytic degradation 
PVC compounds will degrade over time with exposure to the weather, (as 
reviewed in Chapter 2). Sun, temperature, moisture and heat will affect the 
long term performance of PVC exterior products. The most damaging region 
of sunlight radiation for PVC is from 300 to 400 nm, and this ultra violet (UV) 
light has sufficient energy to break the chemical bonds of the polymer. Figure 
3.7 is a schematic diagram, which shows in an unpigmented film that the UV 
radiation is absorbed by the polymer and the chains are destroyed. As a result 
the film breaks dowr:1. This effect is known as photochemical degradation, 
which is the combined effect action of oxygen and sunlight on the chemical 
structure of the polymer. 
Figure 3.7 Effect of UV light on unpigmented film [ 61 ] 
Initial After degradation 
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Addition of Ti02 affects the durability of PVC end products in two distinct and 
opposing ways. The most damaging wavelength to PVC is 320nm and Ti02 
absorbs strongly in that UV region, thus protects PVC. However, Ti02 is also 
photoactive, as a result it causes photocatalytic degradation [3,6,61-64]. The 
destructive effect is commonly called "chalking". The chemistry of chalking 
has been extensively studied by Volz et a/ [62]. The first step absorbs the 
energy from the wavelength and forms an exciton, (electron/hole pair) : 
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hv --..... - electron (e) + proton (p) 
The exciton reacts further with the surface: 
.. Ti 4+ + OH· 
e + Ti 4+ .. Ti 3+ 
The resulted Ti3+ ion reacts with atmospheric oxygen molecule: 
Ti 3++02 .. Ti 4+.02 (adsorbed) 
Then the water reacts in the form of its dissociation products: 
.. 
--..... - Ti 4+·0H 
In the end, hydroxyl and peroxy radicals result: 
hv 
.. OH· + H02· 
(3.3 ) 
(3.4 ) 
(3.5 ) 
(3.6 ) 
(3.7) 
(3.8 ) 
(3.9 ) 
Thus, the resulting hydroxyl and peroxy radicals are responsible for the 
oxidative degradation reactions in the polymer: 
(3.10 ) 
In order to reduce the oxidative degradation, many manufacturers incorporate 
metal ions such as zinc (Zn2+) or aluminium (AI3+) into Ti02 pigments. A more 
effective way is to add layers of metal oxides such as alumina or silica to the 
surface of pigment. More details on the surface coating are discussed in 
section 3.6. The hydroxyl and peroxy radicals thus destroy each other by 
recombination [3,63,64] : 
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40H (3.11 ) 
A comparison of the effects of the two mechanisms is shown in Figure 3.8. 
With the photochemical reaction, after weathering, the level of the surface has 
gone down leaving pigment particles standing proud on the surface. These 
protrusions lead to an irregular surface on the film that has the visual effect of 
lowering the gloss. Because the particles prevent the passage of UV, the area 
immediately below the particles is screened so that during the early stages of 
weathering, the particles remain adhered to the film surface so that the onset 
of chalking is delayed. With photocatalytic degradation that occurs on the 
surface of the pigment, the particles no longer adhered to the surface and 
they will show a degree of chalking consequently. Both mechanisms will 
operate. 
Figure 3.8 Comparison of degradation mechanisms [ 61 1 
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• 
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3.6 Surface treatment of Ti02 
3.6.1 Inorganic coatings 
Literature Review 
Uncoated chloride pigment generally contains 1 % pyrogenic alumina. The 
aluminium oxide is generated from aluminium trichloride injected into the 
oxidation reactor to promote the formation of rutile and to moderate particle 
agglomeration. Inorganic coatings such as inorganic oxides have been 
claimed to reduce chalking, (as discussed in section 3.5). 
Most of the early coated Ti02 pigments were developed for the surface 
coating industry. Many of these coatings were subsequently adapted for the 
plastics, paper and fibre industries. In the early 1930s Ti02 pigments were 
treated with barium hydroxide or coated with zinc oxide, to form an alkaline 
surface, which was good for weathering resistance. Coating of the pigments 
with magnesium, calcium, or barium silicates was proposed for stabilisation. 
Titanyl phthalates, insoluble fluorides, alkaline aluminium salts, silica and 
antimony oxide were introduced in late 1930s. Alumina coated anatases and 
zinc oxide or antimony oxide coated rutiles were commercialised in 1940. 
In 1942, patents were issued on the use of aluminium silicates or alumina-
silica for the preCipitation coating of titanias. They improve the dispersion 
properties of the pigments in both aqueous and organic media, and they have 
greater stability than earlier metal acrylate coatings. The coatings consisted of 
2 to 5% alumina-silica. The ratio of various forms of silica and alumina 
depends on the starting reagents, pH and temperature. The other factors 
include the mixing, sequence, rate of reactant addition and slurry solid 
concentration. The early silica-alumina coatings contained alumina-to-silica 
ratios 1:1 to 2:1. The aluminium sulphate solution was added to a dispersion 
of the titania in an aqueous alkaline silicate at a mixing temperature from 60°C 
to ao°c. The final pH of the mixture was adjusted to a value of 5-7 and the 
batch coating times were between 30 to 60 minutes. The silica-alumina 
coatings were also applied by the addition of a silicate solution to a slurry of 
the pigment in an aluminium salt solution [6]. 
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In modern processing, almost all commercialised pigments are composed of 
80% or more Ti02. Most of the grades contain up to 5% alumina. They are 
regarded as non-durable grade, their main application b~ing ease of 
dispersion. If durability is required, silica is often added as an additional 
coating layer, usually at 2%. Super-durable grades are added up to 4% silica. 
When two layers are required, silica is the encapsulating layer while alumina 
is the outermost layer. 
Several authors have studied the pigments using TEM [65,66]. Figure 3.9 
shows the presence of "shadows" appearing non-uniformly around the dark 
Ti02 crystals. These thin layers are indicated mostly to be the inorganic 
coatings such as silica-alumina oxides. 
Inorganic 
coating 
Figure 3.9 TEM micrograph on surface-coated Ti02 [66] 
The optimum conditions for good end use properties are closely guarded 
secrets in the Ti02 industry. Hence, the final application is very dependent on 
the types and quantities of inorganic coatings added. Other species like acidic 
oxides including phosphates or borates and basic oxides such as magnesium, 
zinc or zirconium are used to improve the brightness and weather resistance 
of the pigmented surface. 
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3.6.2 Organic coating 
Many modern Ti02 pigments are treated with inorganic materials alone or in 
combination with organic materials. The additives for surface modification are 
known as surlace-active agents. They are mainly divided into three types: 
wetting agents, dispersants and wetting/dispersant agents [67,68]. For 
surface tension studies, wetting always involves three phases - solid, liquid 
and vapour. Wetting process refers to the displacement of air from a liquid or 
solid surface followed by the encapsulation of surfaces with liquid. In general, 
there are two main types of wetting [69]. The first type is called spreading 
wetting which is based on Young's equation, (refer to section 3.7). The 
second type is called adhesional wetting, which is studied by Dupre, (refer to 
section 3.8). 
In order to provide wetting, wetting agents are often used, they are also 
called amphipathic molecules. They consist of polar/hydrophilic and non-
polar/hydrophobic segments in their molecules. This type of additive provides 
interfacial activity at the pigment/polymer and reduces the interfacial tension. 
Dispersants are needed to provide dispersion and stabiUsation. Dispersion 
embraces the wetting of polymer agglomerates and aggregates, (as 
discussed in section 3.4). They are also called dispersing agent/aids. 
Relatively low molecular weight materials with very large numbers of polar 
groups are normally used. The combination of wetting agents and dispersing 
agents are known as wetting/dispersant agents. They combine the 
properties from both types and produce a synergistic surface modifier. They 
reduce the surface tension and improve the dispersion of the pigment/polymer 
system at the same time. 
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Organo-functional silanes are good examples of wetting/dispersant agents. 
The general formula of silane is : 
I 
R-Si-X 
I 
where R is a non-reactive organo-functional group 
X is a hydrolysable group 
The silanes for Ti02 pigments and other filler are mostly trialkoxy 
derivatives. The common trialkoxyl groups are rriethoxy, ethoxy and acetoxy. 
Metal and metal oxides consist of hydroxyl groups. When metal oxides are 
coated onto the surfaces, the surface becomes hydrophilic. Hence, the silanes 
will bond well with the hydroxyl groups on the inorganic coated substrates. 
The alkoxy groups on silicon hydrolyse to silanols. The silanol groups usually 
condense to form convalent siloxane bonds on the inorganic surface or 
physically adsorb and bond through hydrogen bonding [70). 
The rate of hydrolysis and condensation is influenced by the organic 
substitution. The higher the alkoxylsilane (for example, ethoxysilane is more 
stable than methoxysilane), the slower is the hydrolysis rate. Hence, the 
hydrolysation is more stable and beneficial for the surface treatment [71). The 
kinetics of these two types of reactions is not discussed in this review. 
Besides hydrolysis and condensation reactions, the types of functional groups 
of the alkoxylsilanes also provide molecular configuration. Figure 3.10 
illustrates the chemistry of trialkoxylsilanes, R(OCH3h involved with a 
hydrophilic surface [72). The reaction could result in different structures on the 
surface. Structure (a) shows there are three silicon-oxygen (Si-O) linkages. In 
practice, it is rarely the case. Structure (b) produces two Si-O linkages, which 
are also less likely with single interfacial linkage as shown in structure (c). 
Additionally, the Si-O linkages can self-polymerise to form a more complex 
structure, which is shown as structure (d). 
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Figure 3.10 Reaction and bonding mechanism of a trialkoxylsilane 
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3.6.2.1 Studies on the organic coatings 
At present, around 1 % organic compounds such as polyols or silicone oils are 
wideiy used to coat Ti02 pigments. However, the amount of published 
information on coated Ti02 pigments is found to be scarce. Selected organic 
compounds have been claimed to increase the speed of wetting and improve 
pigment dispersibility. Next, the selected literatures are discussed. 
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Ashmead and his co-workers [73] studied the adsorption of various silicone 
polymers on Ti02 pigments, (adsorption is discussed in section 3.10.2). High 
adsorption was seen on the coated pigment whereas no adsorption was 
observed for the uncoated pigment. The silicone treated pigments were 
shown to produce better dispersion than the uncoated pigments. The longer 
the dimethyl chain length, the better is the dispersion. 
Fesionowski [74] studied four different si lane compounds with increasing 
coating levels on inorganic coated Ti02 pigments. Various amounts of 0.25% 
up to 10 % by weight were applied to the pigments. With the use of SEM and 
particle sizer, the agglomeration of pigment particles was found to reduce with 
higher amounts of silane. However, the application of more than 1% by weight 
started to increase the agglomeration of the Ti02 pigments again. 
As the outermost layer of inorganic coated surface contains alumina, which is 
basic [3,75], acids are suitable to modify these hydrophilic surfaces [76,77]. 
Mono and bifunctional alkyl phosphonic acids and mono alkyl phosphoric acid 
esters have been used as an organic coating for protecting metals. 
Phosphonic and phosphoric acid groups not only improve the corrosion and 
inhibition of reactive metal surfaces but also form a thin and smooth coating 
on metal surfaces especially aluminium [78]. 
3.6.3 Micronising 
Ball milling has been used to grind Ti02 pigments during manufacturing. 
However, these convectional grinding mills are not able to grind pigment into 
fine and uniform particles. Thus, new types of mills such as jet mills have 
been developed to improve the grinding efficiency, so the pigment particles 
can be better dispersed for end use applications. Today the combination of 
organic coating and improved milling is a modern trend in pigment 
manufacture [3,7,64]. The pigments are coated and subjected to a final 
milling, generally in a fluid energy mill. The most popular type is known as a 
microniser. It consists of a disc-shaped chamber, whereby the pigments 
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are ground by the action of steam in a high centrifugal velocity inside the 
chamber. The incoming pigments hit each other and the wall of the chamber, 
which leads to further attrition. This milling process is called micronising. 
The energy efficiency of the milling depends on the size and shape of the mill. 
A larger volume can contain more particles to be micronised and created 
more particle-particle collision. The centrifugal velocity is inversely 
proportional to the radius of curvature of the particle path. A larger mill will 
have a greater radius of curvature, which provides a longer distance of before 
the particle hitting the outer wall. 
When it comes to a mill with same size and shape, solid feed rate and steam 
throughput are important for the efficiency of the micronising process. In 
Figure 3.11, an optimum solid feed rate gives the best/maximum grinding 
efficiency [79). With too low a feed rate, the particle-particle collision is 
insufficient to break down the pigment agglomerates in the mill. With too high 
a feed rate, the excessive particle-particle collision is also unable to maximise 
the grinding efficiency. A higher steam velocity creates a higher chance for the 
particles to accelerate to a high speed for fracture. However, the effect of 
higher steam velocity on the attrition is less than the optimised solid feed rate. 
Figure 3.11 Relationship between grinding efficiency 
and solid feed rate [ 79) 
Grinding 
efficiency 
Optimum value 
Solid feed rate 
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Tanaka [80,81] studied the flow patterns in a jet mill in terms of a microniser 
size system. The constant tangential velocity, or so-called Archimedes 
spiralled flow, is the most favourable flow pattern in the microniser. To achieve 
a uniform grind, the pigment must flow at a uniform rate into the microniser so 
as not to disturb the flow pattern. His comminution kinetics theories agreed 
with Dotson's grinding mechanism. The collision of particles is proportional to 
the number of particles injected into the microniser, which is in turn 
proportional to a certain fraction of the total peripheral area of the free jet 
stream; suction speed of a particle size into a jet and the concentration of the 
particles in the jet chamber. He concluded that the microniser is a combination 
system of crusher, classifier and transportation device in itself. The steam 
is first injected into the periphery before the flowing steam brings the pigment 
particles for collision (crusher). The centrifugal velocity keeps the coarser 
particles from the periphery (classifier), so the finer particles are removed with 
from the steam to the collection point (transportation). 
In order to prevent the pigment agglomerates from adhering to the microniser, 
usually about 0.5 % of micronising aid is added to improve the pigment 
dispersibility as well as the micronising process. The micronising aids are 
usually trimethylol propane or triethanolamine [64,82,83]. 
3.7 Contact angle and surface energy 
It has been discussed in section 3.6.2 that the wetting process occurs when 
the surface is treated. The contact angle is linked to surface tension by 
Thomas Young [84]. The surface· tension (y) of a liquid is sometimes 
expressed in dynes per centimetre (dynes/cm) and it is numerically equal to 
the free energy per unit area (ergs per square centimetre, erg/cm2). However, 
in SI units, the surface tension is expressed in milli Newton per metre (mN/m) 
while the surface free energy is expressed in milli Joules per square metre 
(mJ/m2). 
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3.7.1 Origin of contact angle/surface energy 
The basic equation used to describe the interaction of the surface energy of a 
liquid and a solid is known as Young's equation. He resolved the surface 
tension by using three co-planar vectors illustrated in Figure 3.12 [85]: 
Ysv = YSL +YLV cos 8 (3.12 ) 
where Ysv. YSL and YLV represent the surface free energies of the solid-
vapour, solid-liquid and liquid-vapour interfaces, respectively. The contact 
angle e represents the angle that forms when the liquid contacts with the solid 
at equilibrium. 
Figure 3.12 Schematic diagram of a liquid drop on a surface, and 
forces acting at the line of three phase contact 
Vapour 
Liquid 
Solid 
However, Boyd and Livington [86] have pointed out that equation 3.11 is 
incorrect since YLV can be altered by the adsorption of vapour on the solid. 
Therefore, if the surface free energy of a solid in a vacuum is Yso; the surface 
free energy in saturated vapour is Ysv"; and Ysv in vapour at a pressure. The 
correct statement of Young's equation for a solid in saturated vapour at partial 
pressure (less than the saturation pressure) is : 
o 0 
Ysv = YSL + YLV cos 8 (3.13 ) 
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3.7.2 Methods of measuring contact angles 
Only the methods for solid surfaces are reviewed. The most common method 
of measuring the contact angles on the solid surfaces is the sessile drop 
method. The sessile drop method involves a direct measurement on the 
profile of a liquid drop. The liquid drops like a bubble on the surface. The 
contact angle of the liquid drop is determined by drawing a tangent to the 
profile at the point of contact with the surface and the angle is measured 
directly using a microscope fitted with a goniometer eyepiece. However, this 
method is restricted to angles less than 90°. Therefore, another method is 
used. The contact angles are taken indirectly from the drop dimensions. By 
measuring the height and radius from the base of a liquid drop, the unknown 
contact angle is derived from equation 3.14 shown in Figure 3.13a. 
Figure 3.13 Drop methods [ 87) 
tan [-~-J = height (h) ( 3.14 ) 
radius (r) 
(a) Equilibrium sessile drop 
liquid liquid 
~ t 
JJ~ d.~ 
(b) Advancing angle (c) Receding angle 
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However, it is realised that Young's equation is only valid for surfaces having 
a single equilibrium contact angle, (an idealised situation). In practice, this is 
rarely the case and a number of angles can be found and measured. There 
are two types of angles to be measured. The advancing angle, ea is 
measured by advancing the periphery of a drop over a surface and the 
receding angle, er is measured by pulling it back. The difference between the 
two angles, ea - er, is known as contact angle hysteresis. The advancing 
and receding contact angles can be measured by using a vertical rod 
(syringe) partially immersed in a liquid. Both angles are obtained by simply 
immersing and withdrawing the rod as shown in Figure 3.13b. Generally, the 
advancing angle measurement is more often used. Receding angles tend to 
make the contact angle measurement more difficult. Moreover, there is a 
possibility of contaminating the syringe for subsequent use. 
When the solid is available as a powder form, a capillary method or "pressure 
of displacement" method is used to determine the contact angle. The powder 
is uniformly packed into a capillary tube. The measurement of the pressure 
necessary to prevent the liquid from wetting the plug will give advancing 
angles. The receding angles can be obtained by measuring the pressure 
necessary to force the liquid out of the plug. The powders can now be pressed 
as discs [88] that utilise the sessile drop method as described earlier. 
3.8 Work of adhesion and spreading coefficient 
Surface tension always involves wetting: spreading wetting and adhesional 
wetting. Spreading wetting occurs when a liquid is in contact with a solid and 
the liquid increases with the contact of the solid with the expense of the liquid. 
Adhesional wetting occurs when a liquid is not originally in contact with that 
solid and adheres to it. A thermodynamic equation is derived according to 
Gibbs' free energy states [89] : 
~G = a (Ysv + YLV - YSL) (3.15 ) 
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where a is the surface area of the solid in contact with the surface area of the 
liquid after adhesion. The rest are the three different types of surface energies 
describing in section 3.10. 
I 
Thus, equation 3.15 can be written as : 
(3.16 ) 
This driving force is known as the work of adhesion, WA. It is a reversible 
work, which requires to separate a unit area of liquid from the solid. Dupre 
proposed a thermodynamic equation on the interfacial tension between solid 
and liquid. If the contact angle measured in liquid between solid, liquid and 
vapour, is finite, the relation can be written as : 
"{Ly cos e = Ysy - YSL (3.17 ) 
Thus, he combined with Young's equation to produce the Young-Dupre 
equation: 
W A = YLY ( cos e + 1 ) (3.18 ) 
Harkins and his co-workers [90) studied the spreading of different organic 
liquids/films on water. They developed the spreading coefficient, which gives a 
measurement of spreading on a surface. The spreading is related to the 
chemical structure of surface molecules. When a polar group is present in the 
molecule, WA is very high, hence, the interfacial tension between the solid and 
liquid becomes greater, and the driving force of WA changes from a positive to 
a negative value. This is known as the work of cohesion, Wc that is 
expressed as: 
(3.19 ) 
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Thus, the value of spreading coefficient, S is defined by the following 
equation: 
where W. is the work of adhesion interface of two liquids; and Wc is the work 
of cohesion of the liquid which is applied to the surface of the other liquid or 
solid. 
Liquids for which the value of S is positive (WA > Wc) will spread, while those 
for which it is negative will not. Most organic liquids have positive coefficients 
with reference to spreading upon water, and thus will spread into a film; but 
water has a negative coefficient (WA < Wc) with reference to spreading upon 
non-polar organic liquids, and it will not spread over them. 
3.9 Critical surface tension 
Zisman [89) measured the equilibrium contact angles on a series of pure 
liquids on smooth low energy surfaces to quantify the surface properties of 
polymers. He drew a linear relationship between surface tension of the pure 
liquids, YLV and cos 9: 
cos 9 = 1 + b ( YL - ye) (3.21 ) 
At cos 9 = 1 is defined the critical surface tension (ye) extrapolated from the 
plot of cos 9 against YL where b is a constant. The cos 9 against YL plot for 
any low energy surface is always a straight line as shown in Figure 3.14. It is 
seen that polyethylene has a value of Ye approximately at 31 mN/m. 
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Figure 3.14 Wettability of polyethylene [ 8~ ) 
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The values of Ys and Ye are found to be close. In most cases, Ys > Ye as 
predicted from Young's equation: 
Ye = Ys - YSL (3.22 ) 
Hence, Ye has proven to be a useful empirical parameter whose relative value 
acts as the specific surface energy (Ys) for a solid. Owens and Wendt (91) 
used three cases to show an agreement between Ys and Ye: 
(a) the use of non-polar liquids determines that Ye leads to a value equal to 
the dispersion component of Ys (Ye = Ys). The surface and interfacial 
free energies are discussed in section 3.10. 
(b) the use of polar liquids on non-polar solids determines that Ye leads to a 
value considerably less than Ys. The inte,rfacial tension, Ys - Ye will have a 
positive value. 
(c) the use of non-polar liquids on polar solids produces the same results as 
case (b). 
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Polymers are regarded low energy surfaces, (i.e. surface energies less than 
60 mJ/m2). Metal surfaces are regarded as high energy surfaces (i.e. surface 
energies greater than 100 mJ/m2). The critical surface tension for different 
metal and metal oxides exposed to atmospheres with controlled humidity were 
also measured. The metal or its oxide surface allowed good wetting by acting 
as a coating layer. These coatings convert from a high energy surface to a low 
energy surface and this low energy surface has high contact angle. Thus the 
metal oxides are insoluble in water but they are normally wetted by water. 
Zisman and his co-workers [89] also studied the surface tension of organic 
coatings on glass. His experimental results corresponded to Langmuir's 
theory that the wettability of the coated surface is determined by the nature 
and packing of the outermost atom in the exposed groups of atoms in the 
coating, and not by the nature and arrangement of atoms in the solid 
substrate. The outermost atoms are mostly hydrocarbons (CH3,CH2). 
3.10 Surface and interfacial free energies 
There are two categories of attractive forces - intramolecular forces and 
intermolecular forces. The' former involves the chemical bonds within an 
individual molecule and the latter presents as the individual forces between 
molecules. Intramolecular forces are mainly the primary bonding forces such 
as covalent or electrostatic bonds, where the binding energies are between 40 
to 400 KJ/mole. They are the strongest bonds, which are only produced by 
interfacial linking across reactions. Intermolecular forces are the secondary 
bonding forces and they consist of two main types. Van der Waal forces are 
the weakest bonds with binding energies 4 to 8 KJ/mole. They are subdivided 
into London dispersion forces, Keesom orientation and Debye induction 
forces. The other type is hydrogen bond force, which produces an 
intermediate binding energy at 8 to 35 KJ/mole. London dispersion forces 
are the most important in controlling the wetting of surfaces and they are a 
good approximation for non-polar surfaces. London dispersion forces are 
accounted for more than 75 % on the non-polar surfaces. Very small 
-72-
Chapter 3 Literature Review 
molecules such as moisture, contribute to hydrogen bonding, takes up 24% of 
the London dispersion forces (83). 
Fowkes defines the surface tension of a solid or liquid, as a measure of 
attractive forces that acts in the surface layers of the material and interfacial 
tension. He suggested the total surface free energy of a solid or a liquid is the 
sum of different intermolecular forces on the polymer surfaces (92) : 
(3.23 ) 
where yd, yP and yh are the surface energies of dispersion, polar, and 
hydrogen bonding, respectively. 
He derived an expression from Young-Dupre equation that the interfacial free 
energy of a solid and a liquid only interact solely by dispersion forces: 
d d 112 YSL = Ys + YL - 2( Ys YL ) ( 3.24 ) 
However, for cases where both polar solid and liquid, Owens and Wendt (90) 
suggested for that all polar interactions, including hydrogen bonding are . 
encompassed into one term to the sum of two terms, yd and yp .• By assuming 
the interactions between the polar forces in the same way as dispersion 
forces, they obtained an expression for the interfacial tension between a liquid 
and solid: 
d d ) 1/2 P P 1/2 YSL = Ysv + YLV - 2(ys YL - 2(ys YL ) (3.25 ) 
By combining equation 3.18 and equation 3.25, the final relation is written as : 
(3.26 ) 
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Hence, equation 3.26 is rearranged as : 
Yd 1 + cos 9 ) 
= 0/ )In .--- (3.27 ) 
2(YLd ) In 
With equation 3.27, both the dispersive and polar surface energies of the 
treated surface can be obtained graphically from contact angle measurements 
with liquids of known dispersive and polar surface tensions as shown in Figure 
3.15. The common liquids are water (polar) and di-iodomethane (non-polar). 
The square of the intercept equals to the Y/ while the square of the gradient 
equals to the Y t 
Figure 3.15 Owen and Wendt's graphical method 
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The liquid hydrocarbons (CH3 or CH2) have been found to have the surface 
tensions ranging between 15 to 30 mN/m compared with 30 to 72 mN/m for 
liquid hydrogen bonded molecules [93]. 
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3.11 Coating efficiency 
The efficiency of the coating is determined by its interaction and adsorption 
onto the pigment. Thus, the crucial factors needed for optimisation are given 
in the following sections. 
3.11.1 Thickness of organic coating 
The theoretical concept is that of one coating monolayer which is assumed to 
be flat and uniform.' Langmuir found major changes in the surface properties 
of solids from the adsorption of solids in a single layer. The forces between 
one molecule and the adsorbing surface only occurred at the immediate area 
of contact. Hence, the adsorptive properties of the surface were determined 
by the nature and packing of the molecules in the surface of a solid or liquid. A 
single layer of molecules spreads over the surface and forms a thin coating. 
The theoretical monolayer can be calculated by using the surface area 
occupied by the coating molecules and density of the coating [77]. Brunauer, 
Emmett and Teller (BET) [94] provided an extension of the Langmuir 
monolayer model for multilayer adsorption, which has been widely used as a 
British Standard for determining the specific surface area of powders. The 
BET method is discussed in the next section. 
Plueddemann [76] reported that the thickness of siloxane coating depends on 
the nature of organofunctional group on the silicon atom, availability of 
moisture, (as discussed in section 3.6.2), and presence or absence of specific 
catalysts. 
3.11.2 Surface area and adsorption 
The surface properties of pigments, and their adsorption and dispersion 
characteristics, have been studied using surface area measurements. Surface 
area is rather an experimental concept that depends on the method of 
determination. Usually the surface area is based' on a unit weight of 
substances termed the specific surface area (SSA). The unit is in m2/g. 
Surface area is frequently used as a measure of powder particle size. Any 
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powder containing a large number of fine particles possesses an appreciable 
surface area. Sphere is the simplest form of a particle, hence the specific 
surface is calculated by equation 3.28 [95,96] : 
6 
( 3.28 ) 
pd 
where p is the density in g/cm3 and d is the particle size in ~m. 
An inorganic pigment, such as Ti02, produces a specific surface area of 5 to 
50 ~2/g, depending on the particle size. The smaller the particle size, the 
larger the surface area of the pigment. Untreated pigment particles have been 
shown to contain no porosity. They have a specific surface area of 6 to 9 
m2/g. Surface treated pigments have their surface areas increased to 11 t014 
m2/g. Micronised Ti02 pigments have been studied and shown a narrower 
particle size distribution than non-micronised ones, because the smoothness 
of the finer particles reduces the porosity around the pigment particles [95]. 
Specific surface area (SSA) is important for adsorption and reaction on 
surfaces. SSA is usually measured by gas adsorption. Adsorption is a process 
in which the atoms or molecules of one material become attached to the 
surface of another and become concentrated at the resulting interface. The 
gas or liquid adsorbed, is called the adsorbate, whereas the solid on which it 
is adsorbed, is called the adsorbent. Depending on the nature of relevant 
forces, adsorption processes maybe classified as physical or chemical types. 
Physical adsorption also known as physisorption only involves Van der Waal 
forces across the interface. A physically adsorbed layer can be described 
similarly to the situation where the condensation of a vapour forms a liquid. 
Physisorption is only of importance at temperatures below the critical gas 
temperature. Chemical adsorption, also termed as chemisorption, involves 
an irreversible chemical interaction between the adsorbate and adsorbent. 
Adsorption is usually described in terms of isotherms. An adsorption isotherm 
is the relationship between the amount of gas adsorbed, against its pressure 
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or concentration at a constant temperature in equilibrium. The relative 
pressure is the ratio of measured partial pressure of the adsorbate to its 
liquefaction or saturation pressure (plPo). 
Between 1916 and 1918, Langmuir studied adsorption and he assumed only 
a single layer of adsorbate is adsorbed. Isotherms are measured and this is 
known as the Langmuir isotherm. This is shown as Type I shown in Figure 
3.16. It has a rapid initial rise in adsorption at low relative pressure followed by 
a flat region. In 1938, Brunauer, Emmett and Teller [94) developed an 
extension of the Langmuir monolayer model for multi layer adsorption. This 
method is known as BET method. It has been applied and featured in British 
Standard BS4359: Part1 :1969. The BET isotherm shows as Type 11 in the 
diagram. It represents unrestricted multilayer adsorption on heterogeneous 
surfaces. Although the layers may exist simultaneously, the monolayer 
completion occurs at the point of inflection of the isotherm. This is known as 
point B. Type III isotherms arise when the adsorbate-adsorbent interaction is 
weak at low relative pressure. Type IV isotherms show a hysteresis loop 
which is normally used for pore size distribution evaluation. Type V isotherms 
are similar to Type IV except that the adsorbate-adsorbent interaction is weak. 
Type VI isotherms exist in a stepwise multi layer adsorption or noble gas 
molecules on a uniform surface. Usually Type 11 is the most common. 
The BET equation is usually expressed in the linear form: 
P 1 (C-1 ) P 
= + 
Po 
where Vads = total volume of adsorbed gas on the surface of adsorbent 
under standard conditions; 
( 3.29) 
Vm = volume of gas necessary to cover the entire surface with a 
monolayer of adsorbed gas 
P = equilibrium pressure of adsorbate 
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Po = saturation pressure of adsorbate at the temperature of 
adsorption 
C = a constant related exponentially to the heat of adsorption in the 
first layer and the liquefaction of the adsorbate 
Normally nitrogen gas is used as the adsorbate and the usual value of 16.2A 
is selected for the area of the adsorbed nitrogen molecules. The adsorption 
isotherm is determined at the temperature of liquid nitrogen. The surface area 
varies depending on the environment [96). An outgassing temperature of 
150°C is suitable for pigments. The plot of P / Vads (Po - p) against p / Po in 
Figure 3.17 should be a straight line. The linearity range is usually between 
the relative pressure ranges 0.05 to 0.35 [97). 
Figure 3.16 Types of physisorption isotherms 
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-78-
Chapter 3 Literature Review 
Figure 3.17 A BET plot corresponding to an adsorption isotherm [ 97] 
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Equation 3.29 can describe Type I, 11 and III isotherms depending on the value 
of C. The value of Vm can be converted into surface area: 
(3.30 ) 
where S = surface area of the adsorbent sample (m2) 
So = area covered by 1 ml of adsorbate monolayer (m2/ml) 
By dividing the surface area by the sample weight, the specific surface area 
can be obtained: 
S 
Ss = 
w 
where Ss = specific surface area of the adsorbent sample (m2) 
w = sample weight (g) 
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3.11.3 Coating arrangements 
In earlier literature, many workers studied the adsorption of different acids on 
Ti02 pigments from organic solutions. Each acid was found to adsorb onto the 
pigment surface in different orientation from one another. Sherwood and 
Rybicka [98), with Ottewill and Tiffany [99), showed that a monolayer of stearic 
acid adsorbed vertically onto the Ti02 pigment surface, whereas a multilayer 
of oleic acid was adsorbed parallel to the pigment surface. A similar 
observation was also concluded by Urwin [96). The adsorption isotherms 
showed a monolayer of stearic acid adsorbed in a perpendicular orientation 
on an alumina treated pigment surface, whereas a small amount of stearic 
acid adsorbed parallel to the pigment on the silica treated surface. Usually 
one acid molecule adsorbs in a vertical orientation with an area of 21 A2 while 
the parallel orientation occupies an area of 114 N. Figure 3.18a and b show 
the schematic diagram of each orientation. 
Ashmead et al [73) compared the estimation of surface area on the silicone 
coated Ti02 pigment between a nitrogen gas adsorption and a fatty acid 
adsorption. The"values of the surface area on the coated pigment were 6 m2/g 
and 12 m2/g respectively. They claimed that the fatty acid adsorption was 
probably a better choice for investigating polymer adsorption, because the 
cross sectional area of one acid molecule is similar that of a siloxane group. 
The surface coverage estimated was a fatty acid would be more accurate than 
the nitrogen gas. Thus, organo-silanes can bridge to one another, to form a 
more complex structure. Each (CH3)2SiO unit occupies an area of 22.7 N as 
shown in Figure 3.18c. 
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Figure 3.18 Different orientation of polymer molecules 
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3.12 I nverse gas chromatography (IGC) 
The chemisorption isotherms can be obtained from inverse gas 
chromatography (IGC). Only a brief review is given. The following findings on 
the stearic acid coated CaC03 fillers are mentioned, to provide more 
information on the adsorption studies for the Ti02 pigments. 
IGC is well established for characterising fillers. It consists of a probe to inject 
a stream of gas that passes over the filler and packed into a standard gas 
chromatograph column. The retention time of the non-polar probes measures 
the strength of the physisorption between the probe and the filler surface. 
Hence, the surface free energy can be determined through a homologous 
series of alkanes and Owen-Wendt thermodynamic calculations. The 
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interaction between stearic acid and CaC03 fillers were studied and 
characterised by IGC [100-103]. The adsorption isotherms showed that the 
alkyl chains of stearic acid covering the filler surface, decreased the surface 
energies of CaC03 fillers significantly with increasing surface coverage. 
Pukanszky et a/ [104] studied the interaction of coated CaC03 fillers in a 
polypropylene composite. The interfacial tension and work of adhesion of the 
PP/CaC03 composite was found to decrease with increasing surface 
coverage. 
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CHAPTER 4 EXPERIMENTAL PROCEDURES 
4.1 Introduction 
In this chapter, different raw materials chosen and processed with various 
methods are described. Pan palletising was used to coat the organic 
compounds onto the pigments. Then the coated pigments were subjected to 
micronising. The traces of organic coating were firstly analysed prior to any 
processing. The processing methods include mixing, milling, moulding and 
extrusion. The rheological behaviour of PVC compounds was evaluated by 
torque rheometry, extrusion and thermal analysis. The toughness resistance 
was tested with an impact tester. The dispersion behaviour of pigments was 
analysed with electron and optical microscopy. The suriace coatings were 
studied using the contact angle method and solid-state NMR. 
4.2 Raw materials used 
In this project, PVC resin with a K value of 68 was chosen for the window 
profile application. Powder-form additives were selected for ease of mixing. 
Table 4.1 shows a list of raw materials used. A one pack consisting of 
calcium/zinc stearate heat stabiliser and co-stabiliser was selected for its non-
toxicity and superior thermal stability; it is also environmentally friendly. 
Paraloid KM 355 was selected for its high efficient impact strength properties. 
It is a cross-linked acrylic-modified impact rT)odifier with a particle size of 
O.2IJm. It will generate good impact and suriace finish, and is capable of 
reducing die swell during extrusion. Acrylic processing aid selected was 
compatible with PVC and it was good for processing. Ground calcium 
carbonate filler with a particle size of 11Jm, coated with stearic acid, was used. 
Titanium dioxide pigment with a particle size of O.21IJm, was coated with 
different organic coatings (refer to the details of organic coatings in Table 4.3 
in this chapter and, Table 6.1 in Chapter 6). 
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Table 4.1 Raw materials used 
Ingredients Trade name/ Properties/structure 
manufacturer 
PVC resin, K68 Evipol SH6830 Molecular weight - 86 000 
(Solvay) Glass transition 
temperature = 86°C 
Calcium/zinc Naftosafe One pack stabiliser system: 
stabiliser PWX 15840 Calcium stearate and zinc stearate 
(Ca/Zn) (Chemson) + co-stabiliser and lubricants 
Acrylic Impact Paraloid KM355 Cross-linked butyl acrylate and 
modifier ( Rohm & Haas ) methyl methacrylate 
(AIM) co-polymer (99-100%), 
particle size of 0.2 IJm 
Melting temperature = 132 -149°C 
CH. 0 
I 11 
-[-CH2-C-l-n C-O-(CH2l3CH3 
Acrylic Paraloid K120N Acrylic polymer (98-100%) 
processing aid ( Rohm & Haas ) Melting temperature = 132 -149°C (PA) 
Glass transition temperature = 91 'C 
Molecular weight = 106 
CH. 0 
I 11 
-[-CH2-C-1-n C-OCH3 
Coated titanium R-TC30 Rutile type, particle size = 0.21 IJm 
dioxide ( Huntsman Each pigment sample coated with (cTi02 ) Pigments) different types of coatings 
( refer to Tables 4.3 and 6.1 ) 
Calcium carbonate Hydrocarb 95T Ground CaCO. coated with 1.6% 
(CaCO. ) ( Cameo Omya ) stearic acid, 
particle size of 1 IJm 
• 
Note: All raw materials are supplied in powder form 
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Table 4.2 shows the properties of the inorganic-coated pigment used for this 
project. The pigment contained 3.6% alumina and 1.4% silica where, the 
alumina was the outermost layer. The pigment had a BET surface area of 7.5 
m2/g. 
The inorganic-coated pigments were further coated with organic coatings. 
Three different types of compounds were used for the initial study. Sample 1 
consisted of 0.2 weight % trimethylol propane (TMP) and 0.5 weight % 
poly(dimethyl siloxane) (PDMS). Sample 2 consisted of 0.3 weight % TMP. 
TMP has three identical methylol groups, which can provide higher chances of 
interaction with the inorganic coated pigment. PDMS is hydrophobic so it 
reduces the interfacial tension effectively. Sample 3 consisted of 0.8 weight % 
n-octyl phosphonic acid (OPA). OPA consists of two hydroxyl groups, which 
were able to bond to the surface of the inorganic coated pigment. The 
technical data of these three organic compounds are given in Table 4.3. 
Table 4.2 Typical properties of R-TC 30, inorganic-coated [ 105) 
Description , Value 
Titanium dioxide content 92.5 wt% 
Alumina oxide content 3.6 wt % 
Silica oxide content 1.4wt% 
Loss at 105°C max 0.4 wt % 
Oil absorption 17g/100g pigment 
Crystal size 0.21 IJm 
Density 4.0 g/cm3 
Bulk density 1.2 g/cm3 
Surface area (BET) 7.5 m2/g 
Melting temperature 1800°C 
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Table 4.3 Technica.1 data of organic coatings [ 106-108) 
Type of coating Supplier Description/ properties 
Trimethylol propane ( TMP ) 
Melting point - 61 ·C 
Boiling point - 289·C 
CH20H Persorpt 
CH3CHTf- CH20H Molecular weight = 134 
CH20H Form: white, waxy, 
odourless 
hydroscopic flakes 
Poly(dimethyl siloxane) [ PDMS 1 Molecular weight - 10,000 
fH3 ICI Density = 0.97 glcm3 
-[- ~i-O-] n- Surfactants Refractive index = 1.41 
CH3 
Form: colourless and 
viscous liquid 
n -128 
n-octyl phosphonic acid ( OPA ) Melting point - 73·C 
BOiling point - 200·C 
0 Albright & 
11 Wilson Molecular weight - 194 CH3(CH2lrf-OH 
OH Concentration = 80 % 
sulphuric acid with 10 % 
water 
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4.3 Laboratory-scale organic coating 
This experiment was set up by Huntsman Pigments and carried out in their 
laboratory. Each organic solution was prepared from a specific amount of 
organic compound ready for the process of spray coating. Three different 
organic coating types were required to coat onto 6 kg of R-TC30 pigment. 
This coating process is called pan palletising. After coating the pigments 
were micronised. 
4.3.1 Pan palletising 
Pan palletising was a small scale coating process. A pan was tilted at a 45°on 
a rotating rotor, shown schematically in Figure 4.1. The coating steps for each 
organic compound are outlined for the next two pages. Before spray coating 
was begun, the required amount of organic compound was calculated for 
each type. 
Figure 4.1 Schematic diagram of pan palletising 
TC-30 
inside 
Pan 
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Chapter 4 
4.3.1.1 Sample 1 : 0.2% TMP + 0.5% PDMS 
0.2 
0.2% TMP = ------------- x Ti02 sample weight 
100 
0.2 
= -------------- x 2005 grams of Ti02 
100 
= 4.01 g 
0.5 
0.5% PDMS = ---------------- x 2005 grams of Ti02 
100 
= 10.08g 
Total weight of sample 1 = 4.01g + 10.08 = 14.09g 
Coating process : 
Experimental procedures 
(a) 4.01 grams of TMP flakes were weighed and dissolved in certain amount 
of industrial methylated spirit (IMS). More IMS was added to the mixture in 
a spraying bottle up to a volume of 100 ml. 2 kg of R-TC30 was then 
transferred to the pan. About 5 ml of prepared solution were sprayed onto 
R-TC30 and mixed with a ladle each time. All TMP solution was spray 
coated onto the pigment before PDMS was added. 
(b) 10.08 grams of viscous PDMS were added and mixed into the TMP coated 
pigment (prepared as above) using an electric stirrer. 
(c) After the spray coating was done, the coated pigments were transferred 
to a preheated crucible and dried overnight in an oven at 100°C. 
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4.3.1.2 Sample 2 : 0.3% TMP 
0.3 
0.3% TMP = x 2005 g of Ti02 
100 
= 6.02 g 
Coating process: 
(a) 6.02 grams of TMP were weighed and dissolved in IMS, up to a volume of 
100 ml. 
(b) The TMP solution was spray coated onto 2 kg of R-TC30 before the 
coated pigments were transferred to a preheated crucible and dried 
overn·ight in an oven at 100e C. 
4.3.1.3 Sample 3: 0.8% OPA 
0.8 
OPA is provided as 80% concentration, thus = ------------- x 2005 g of Ti02 
100 . 
= 16.04 g 
16.04 
OPA required in 100% concentration = -------------
0.8 
= 20.05g 
Coating process: 
(a) 20.05 grams of liquid OPA were weighed and dissolved in IMS up to 
100 ml solution. 
(b) The OPA solution was spray coated onto 2 kg of R-TC30 before the 
coated pigments were transferred to a preheated crucible and dried 
overnight in an oven at 100 ec. 
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4.3.2 Micronising 
Figure 4.2 schematically shows how a micronising process works. The 
microniser consists of a disc-shaped jacket chamber. A steam temperature of 
240°C and a steam pressure of 110 psi were set. Each dried R-TC30 was 
transferred to the hopper, where the feed rate was calibrated to reach a 
constant flow. Each calibrated batch of coated pigment was then conveyed 
separately into the microniser. Steam was discharged from the periphery and 
flowed into the microniser where the steam and pigments were injected 
tangentially at supersonic speeds. The pigment agglomerates hit each other 
and fractured. The continuous centrifugal force kept the coarser particles at 
the periphery, while the steam dragged the finer particles to the bottom of the 
microniser. Each pigment sample was collected and weighed. 
Figure 4.2 Schematic diagram of micronising process 
Pigment steam pipe • 
\ ~ / Conveyor belt fJ Temperatur eJ 01 ~ steam contr 
~~ Steam jacket 
~I ~ 
I 
Water 
, 
collection Sample collection 
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4.4 Transmission electron microscopy [ TEM ] 
Transmission electron microscopy (TEM) is similar to optical microscopy 
except it utilises electron beams instead of a light beam. With TEM, the 
specimens' structure was examined by passing highly energetic electrons 
through the specimen. An image is formed as a shadow of the specimen on a 
phosphorescent screen. Images can be examined under high resolution to the 
order of 0.2 nm. 
JEOL 2000 FX was used to analyse the coatings. A small amount of each 
sample was dispersed in water. Each sample was then transferred onto a 
copper mesh before all the prepared samples was placed onto the sample 
holder and examined under the TEM. 
4.5 Elemental analysis 
4.5.1 X-ray fluorescence spectroscopy [ XRF 1 
XRF is a non-destructive technique used to identify and determine the 
concentrations of inorganic elements present in a sample. PANalytical MagiX 
PRO fitted with an x-ray tube. model PW2404, was used. Each pigment 
sample was prepared by compacting 20g of each coated pigments under a 
pressure at 6 tonnes for 1 minute into a disc. The discs were placed onto the 
sample cells and analysed by the sequential WDXRF spectrometer. The 
spectral intensities obtained from the samples were compared against the 
standard of 14 elements. Each element of interest has a calibration curve (i.e. 
spectral patterns over an angular range). The measured intensity from each 
sample was compared with the calibration curve in order to determine each 
element concentration. This work was carried out in Huntsman Pigment. 
4.5.2 Carbon analysis 
Carbon analysis was used to identify the presence of organic coating. About 2 
to 10 mg of each pigment sample was analysed by Leco CHN 900 elemental 
analysis. Each residue was swept through non-dispersive infra red detection 
system to obtain amount of carbon dioxide. Sample 1 was further analysed for 
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%PDMS using CDS 1000 Pyrolysis System interfaced with Perkin Elmer 8700 
Packed Column Gas Chromatograph. The equivalent carbon value for 
%PDMS was subtracted from the total carbon and the difference was 
converted to % TMP. This work was carried out in Huntsman Pigment. 
4.6 Dry blending 
The mixing in a high intensity mixer was achieved by an impeller driven by a 
central shaft. The collision of particles and the impact of particles against the 
walls and impeller broke down the agglomerates and blends all the additives 
together with the PVC grains. 
A Henchel high speed mixer was used to premix all the ingredients for the 
window profile formulation. 3 kg of dry blend was prepared for each type of 
coated pigment and hence a factor of 25 was used to calculate the weight 
capacities for the mixer, as shown in Table 4.4. The mixtures were poured into 
the heater chamber and mixed at a rotor speed of 1500 to 4000 rpm until the 
mixing temperature increased up to 125'C The mixed ingredients were then 
transferred from the heater chamber into the cooler chamber, and then 
discharged for collection at 40·C. The whole process took about 15 minutes. 
Table 4.4 Ca/Zn stabilised window profile formulation 
Ingredient Description Concentration Weight 
( phr) ( grams) 
Evipol SH6830 PVC resin 100 2500 
Naftosafe PWX 15840 Ca/Zn stabiliser 4.5 112.5 
Paraloid KM355 Impact modifier 7 175 
Paraloid K120N Processing aid 1 25 
Tioxide cTi02 Ti02 4 100 
Hydrocarb 95T CaC03 10 250 
Total - 126.5 3162.5 
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4.7 Fusion test 
The mixing in a torque rheometer is achieved using two counter-rotating 
rotors. The heat and shear from the particles against the rotors and cavity 
fused the PVC compound. 
A Haake Rheomix 600 was used. 60 grams of each sample were poured into 
the throat of the mixer cavity and, mixed for 8 minutes at 190°C with a rotor 
speed of 20 rpm. On average, S consecutive runs were performed for each 
pigment sample. The torque values, fusion times and actual melting 
temperatures were measured and recorded. 
4.8 Two roll milling 
A two-roll mill has two closely spaced heated rolls that counter rotate at 
different speeds to provide a shearing action as the material passes through 
the spaces between them. 
A JBT Engineering two-roll mill was used. A temperature of 1SS'C and roll 
speeds of 20 rpm was set. 200 grams of each dry blend, (see section 4.6), 
were loaded at the top of the hopper and were milled. The nip spacing was 
slowly increased to the specific setting for the material to mill between the 
rolls. The continuous band of material was cut and folded by a cutting blade 3 
to 4 times, before it was removed and folded up and returned to the nip again 
through the hopper. This milled sheet was removed from the mill after S 
minutes and laid flat on a clean surface to cool. 
4.9 Compression moulding 
Compression moulding is a process that compresses the material under 
pressure using a mould between two heated platens to produce a uniform thin 
, 
square plaque ready for further testing. 
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A spacer of 0.8 mm was chosen for the thickness of the moulding plaques. 
Two pieces of 150 mm x 150 mm square milled sheets, (as made in section 
4.8) were cut, placed in between two Melanex sheets and clamped between 
two mould plates. This mould was inserted into the hot press, set at 190'C, 
and then clamped under a pressure of 3 tonnes for 3 minutes (Le. heating). 
The pressure was increased up to 18 tonnes for another 2 minutes (Le. 
compaction) before the mould was transferred to the cold press at 15 tonnes 
(Le. cooling). 
4.10 Twin screw extrusion 
Extrusion is a process that converts the material into shaped profiles by 
forcing the raw materials through a die under heat and pressure. 
Two different extruders used for the extrusion - (a) an old extruder: Krauss 
Maffei KML25 (b) a new extruder: Krauss Maffei KMD2-25. Both have conical 
counter-rotating intermeshing twin screws. Both have a UD ratio of 25. As the 
new extruder had a water bath located between the die and the caterpillar, a 
faster screw speed was required to compensate at the haul-off unit. Hence, 
two different screw speeds with same processing temperature profile were 
used. Two different Ti02 loadings were also tested. In total, there were three 
sets of sample produced. They were: 
Set I : PVC blend with 4phr Ti02 extruded at 20rpm (by the old extruder) 
Set 11 : PVC blend with 4phr Ti02 extruded at 40rpm (by the new extruder) 
Set Ill: PVC blend with 1 Ophr Ti02 extruded at 40rpm (by the new extruder) 
Both extruders were equipped with the same rectangular die, (30mm wide and 
5 mm deep). Each dry blend was poured into the hopper, and was extruded 
through the die and collected via a belt haul-off. An extrudate sample was cut 
for each type of coated pigments, after extruding for 36 seconds. The extruder 
was purged and cleaned with Doeflex pellets before proceeding with the next 
dry blend. The set parameters for the extrusion used are given in Table 4.5. 
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Table 4.5 Set parameters for extrusion 
Parameter Value 
Die temperature 190°C 
Front barrel temperature 190 °C 
Rear barrel temperature 160°C 
Screw temperature 140 °C 
Feeding screw speed (a) 10rpm (b) 20 rpm 
Main screw speed (a) 20rpm (b) 40 rpm 
4.11 Differential Scanning Calorimetry [ DSC] 
DSC measures temperatures and heat flows associated with thermal 
transitions in a material. DSC is based on measurement of the thermal 
response of an unknown specimen, as compared with a standard when the 
two are heated simultaneously and uniformly at a constant rate. 
TA DSC 2010 was used to measure the degree of fusion of PVC compounds. 
About 10 to 15 mg of each sample was sealed in aluminium pans, and put 
inside the DSC cell and heated frof!! 40°C to 240°C, at a heating rate of 
20°C/min. The glass transition temperature of PVC, enthalpy of fusion and 
melting, percentage of fusion and actual processing temperature were 
calculated and recorded. 
4.12 Impact Resistance 
A Charpy test is used to measure the impact resistance, (either brittle or 
ductile failure) of a material. Impact strength is defined as the energy 
absorbed per unit area in breaking typically a notched specimen. 
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The SS? 413:2002 standard was used for the Charpy impact test. Figures 4.3a 
and 4.3b show the required specification for the specimens. 
Figure 4.3a Type C notch for Charpy impact test [ 109] 
45 :t1° 
Radius of notch base = 0.01 :to.02 mm 
Figure 4.3b Specimen dimensions for Charpy impact test [ 109] 
Direction of blow 
Support 
All dimensions in millimetres (mm) 
L is the specimen length : 
Y is the specimen breadth: 
X is the specimen (and profile wall) thickness 
Yk is: 
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The specimens were conditioned· for at . least 16 hours at 23°C and 50% 
relative humidity, prior to testing. A Hounsfield impact machine was used to 
break the specimens. A]12 pound load weight was selected for the 
specimens. A set of minimum 10 specimens was tested in an edgewise 
impact mode. Each value obtained from the scale, was recorded as the 
impact energy from the specific conversion chart. The impact strength was 
calculated as followed: 
where: 
W 
ClcN = ------ x 103 
X xYk 
ClcN is the calculated Charpy impact strength of notched specimens expressed in 
kilojoules per square metre (kJ/m2); 
W is the corrected energy in Joules (J), absorbed by breaking the test specimen; 
X is the thickness in mm, absorbed by breaking the test specimen; 
Yk is the remaining width in mm, at the notch base of the test specimen. 
4.13 Colour test 
A L *a*b* colour space (CIELAB) spectrophotometer is used to measure object 
colour. In this system, L* indicates lightness and a* and b* are the 
chromaticity coordinates. The red direction is represented by +a,-a 
represents the green direction, +b indicated the yellow direction, and -b 
represents the blue direction. 
An EICometer 6075/1 SP60 portable sphere spectrophotometer was calibrated 
before measurement. 25 grams of each Ti02 pigment was weighed and 
ground for 1 minute before pressing as a disc under a pressure at 4 tonnes. 
Each disc was tested with the calibrat~d spectrophotometer within 15 minutes 
of preparation. The L*a*b* values were taken for 3 consecutive readings and 
averaged. Milled, moulded and extruded samples were cut into required size 
and measured in the same way. 
-97-
Chapter 4 Experimental procedures 
4.14 Dispersion tests 
4.14.1 Scanning electron microscopy [ SEM I 
. Scanning electron microscopy is quite similar to TEM, except it analyses the 
surface, interface or agglomeration in specimens. 
A LEO S360 field emission SEM, with back-scattered mode was used. Tiny 
amounts of different coated pigments were transferred to cellulose tapes and 
placed onto the sample holder. The whole sample cell holder was coated in a 
carbon coater for a few seconds. Each carbon-coated sample was then ready 
for examination. 
4.14.2 Optical microscopy [ OM I 
Bright field microscopy is the most common, yet important for evaluating the 
microstructures of materials. Light from an incandescent source is aimed 
towards the condenser, through the specimen, through an objective lens, and 
to the eye through an eyepiece. 
A Leica optical microscope was used to study the dispersion of pigments. Tiny 
amounts of each sample were dispersed in liquid paraffin. A sample from 
each mixture was extracted and placed in between two microscopic slides to 
be viewed under the microscope. The photomicrographs for the pigment 
dispersion were taken. 
4.14.3 Visual inspection 
A small amount of each sample was dispersed in water for 20 seconds. The 
dispersion behaviour of the pigments in the water was then observed and the 
photographs were taken. 
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4.15 Contact angle measurement 
Contact angle measurement is a method used to characterise the interaction 
between a liquid and a surface. By placing a liquid droplet on a horizontal 
specimen surface, a contact angle is formed at the interface between the 
liquid and the substrate. 
As Young's equation is only valid for flat solid surface, Sutherland [88] carried 
out detailed studies on various pressed CaC03 powders and rewrote Young's 
equation as : 
As 'Ys = ASL 'YSL + AL 'YL + A 'YLCOS <p (4.1 ) 
where: 
A is the apparent area over which the drop has advanced (taking the surface, 
from a macroscopic point of view, as flat); 
As is the actual area of solid surface covered by liquid; 
AL is the area of liquid created between the particles; 
ASL the actual area of solid liquid interface created. 
<p is the apparent contact angle, which is a macroscopic value, observed by 
the low power microscope. 
Figure 4.4 shows the model used for pressed powder surfaces where the 
particles are in a close packed array. The values of As, AL and ASL are 
calculated as a function of 6. Equation 4.2 was established from the 
relationship between the measured contact angle ('11) and the true Young's 
contact angle (6) : 
- 1 . (4.2) 
Refer to derivation on equation 4.2 in Appendix I. 
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Figure 4.4 Schematic diagram of contact angles on a pressed disc [ 88 ] 
Measured Contact 
Angle <p Young's Contact Angle e 
------~~~~~~~~ 
Pressed Disc 
 Surface 
A small amount of each coated Ti02 pigment was pressed into a disc under a 
pressure of 4 tonnes for 3 minutes. 5 discs were made for each sample. The 
contact angle measurements were carried out using Dataphysics OCA-20 
contact angle equipment. Two testing liquids were used, water and di-
iodomethane (DIM). Water is a polar solvent, which will interact strongly with 
the polar functional groups introduced onto the surface. DIM is non-polar but 
has a high dispersion component to the surface free energy due to the 
presence of iodine atoms. An advancing sessile drop method was used [110]. 
Ten consecutive measurements. for each testing liquid were recorded. 
Corrected contact angles obtained from Figure 4.5 were converted into 
surface energies using the software based on Owen-Wendt-Kaeble's method 
as shown in Figure 4.6. 
Table 4.6 Reference liquids used [ 91 ] 
Liquids at 20°C 
'YL, mJ/m2 'YLII, mJ/m2 . 'Y P mJ/m2 L, 
Water 72.8 21.8 51.0 
Di-iodomethane 50.76 50.76 0 
(DIM) 
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Figure 4.5 Correction graph for pressed disc [ 88] 
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Figure 4.6 SCA 20 software using Owens-Wendt-Kaeble's method 
as.' as.' os" HA 2976811 NA \/1-
",2 96,2 ",2 NA 2994374 NA \/1-
97" 97.6 97,. HA 3019011 NA \/1-
",,3 ",,3 03,3 NA 301_ NA w_ 
04,S 04,S 04,S HA 3066491 NA \/l-
OS,, OS,, OS,, HA 3Cl87571 NA \/1-
06,2 06,2 06,2 NA 3107014 NA \/1-
87,0 87.0 87,0 HA 3121151 NA \/1-
.. ,' , ... .. ,' NA 3166894 NADIod ••• 
",3 ",3 ",3 HA 3191B54 NADIod", 
30,' 30,' 30,' HA 3216931 NADIod", 
30" 30.' 30,' 
NA _ .... 
NADIod", 
12.6 '42.6 12.6 HA 3318155 NADIod •.• 
40~3 '",3 ,"" NA 333'1615 NAOIod.,. 
39,3 39,3 39,3 NA JJ5977S NADIod", 
36,1 36,1 36,1 NA 3377J3S NADIod", 
36,2 36,2 36,2 HA 341i815 NADIod", 
35,. 35,0 35,. NA 3<32375 NADIocI.,. 
0,. 0,0 0,0 . 0,00 NA O.IXIOOODIod." 
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4.16 BET surface area test 
From the BET equation, (refer to equation 3.29 in section 3.11.2), Vm was the 
volume of gas required to form an adsorbed monolayer. A single pOint surface 
area method was used. Thus the surface area S of the sample was calculated 
from [111] : 
SA = Vm (A.N/M) 
Thus, SA = V(1-p/po). (A.N/M) 
where SA = surface area of sample ( m2 ) 
Vm = volume of gas adsorbed (m3 ) 
A = Avogrado's number (6.023 x 1023 moleculeslg mole) 
(4.3a) 
N = area of solid surface occupied by an adsorbed nitrogen molecule 
(16.2 x 10.20 m2 ) 
p = 30% of atmospheric pressure ( 0.3 x 760mmHg ) 
Po = saturation pressure ( 775 mmHg ) 
M = molar volume of a gas at standard condition (22.414 g/m3 ) 
Micromeritics Flowsorb 11 2300 and desorb 2300A was calibrated with 1 ml of 
helium gas. Hence, the expression for a 30% nitrogen/70% helium mixture 
adsorbed at liquid nitrogen temperature when the room temperature is 22°C 
and atmospheric pressure is 760mmHg : 
273.2°K 760mmHg 6.023 x 10'" mole/g mole x 16.2 x 10.20 m' 0.3x 760mmHg 
SA = V X---X--- X Xl· 
29S.2°K 760mmHg 22.414 X 103 glm3 ns mmHg 
where ° K = temperature in kelvin 
atm.press = atmospheric pressure 
no = number 
RT = room temperature 
Sat. press = saturation pressure 
·102· 
(4.3b) 
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The saturation pressure, Po, was found to be sensitive to the environment. 
The measurements varied from 771 mmHg to 788 mmHg. Therefore, the 
numerical value in Equation 4.3b, was calculated and found to be ranging 
from 2.83 to 2.86 accordingly to the respective Po. 
This work was done at Huntsman Pigments. 0.3 to 0.5g of each pigment 
sample was weighed and inserted in a testing tube. The sample tube was 
placed on the BET analyser and degassed for 30 minutes at 200°C. Later, 
liquid nitrogen was introduced into the sample tube. When the equilibrium had 
reached, (Le. 10 to 15 minutes later), the adsorption on the sample was 
measured. The liquid nitrogen was then removed from the sample tube and 
the desorption was measured. The adsorbed value should equal to the 
desorbed value. Each sample was removed from the BET analyser and 
reweighed. The specific surface area was obtained from the following 
equation: 
Average SA adsorbed + Average SA desorbed 
SSA = 
Samplewt 
where SAA = specific surface area expressed in m2/g 
SA = surface area expressed in m2 
Sample wt = sample weight expressed in g ( 4 decimal points) 
4.17 Solid-state NMR [SSNMR 1 
(4.4 ) 
SSNMR spectroscopy is a type of nuclear magnetic resonance spectroscopy, 
characterised by the presence of anisotropic (directionally dependent) 
interactions. The most directionally dependent interaction commonly found in 
solid-state NMR is the chemical shift anisotropy (CSA). The chemical shifts 
in solids depend on both on the structures and conformation of polymer 
molecules. Thus, SSNMR is very useful to study how each organic compound 
is coated onto a pigment's surface. 
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A Varian UNITY Inova spectrometer was used with a 7.05 T ("300 MHz") 
Oxford Instruments magnet. The spectrometer was equipped with a number of 
dual channel (HX) magic-angle spinning (MAS) probes. A 4mm probe was 
used for phosphorus e1p) NMR and whereas a 7.5mm probe, was used for 
silicon e9Si) NMR. The spectrometer was operated at 121.37MHz for 31p and 
59.56 MHz for 29Si (and 299.S2Hz for lH). All spectra were obtained using a 
cross polarisation (CP) method. Only samples at optimised coating levels 
were analysed. Each sample was placed into the probe and tested using each 
specific test condition. OPA, MHS and CS-TEOS-coated pigments were 
analysed with a spin rate of SO SO Hz, 5060 Hz and 5000 Hz, respectively. The 
signals were recorded after 1 second of the recycle time. The reference 
sample for OPA was S5% phosphoric acid (H3P04) and tetramethylsilane, 
TMS [(CH3)4Si] for the organo-silicon compounds. This work was carried out 
at Durham University by Dr. David Apperley. 
For each sample, signals equivalent to their chemical shifts, measured in ppm 
were obtained. All chemical shifts obtained were referred to the reference 
information. Figure 4.7 showed the chemical shifts for phosphorus compounds 
and derivatives. Figure 4.S shows a variety of chemical shifts for different 
silicate species. The notation in silicon chemistry is M,D,T,a, (mono, di, tri and 
quaternary), which denote the oxygen substitution on the silicon atom. 
Figure 4.7 31p chemical shifts from S5% phosphoric acid [ 112] 
RP(ORh P(ORh 
Li tlI 
! , t , 1 • , , • ! , , , , I ,! , I , ! ! , ! , , I , 
100 50 0 -50 -100 -150 -200 
Phosphorus Chemical Shifts (ppm) 
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Figure 4.8 29Si chemical shifts for various silicate species [ 113 1 
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Chapter 5 Results and discussion 
CHAPTER 5 INITIAL STUDIES ON THE EFFECT OF 
THREE ORGANIC COATING TYPES ON THE 
PROCESSING AND PROPERTIES OF PVC 
5.1 Introduction 
In this chapter, an initial study on three types of organic coated pigments was 
conducted to find out how each of them affected the processing and 
properties of rigid PVC. The findings commenced with the characterisation of 
organic coatings before proceeding with necessary processing and tests for 
PVC compounds. 
5.2 Preparation and characterisation of the inorganic and organic 
coatings on Ti02 pigment 
5.2.1 Micronised samples 
It has been discussed in section 3.6.2 that the efficiency of finished samples is 
very dependent on the processing conditions and sample feed rates. In this 
experiment, a steam pressure of 110 psi and temperature of 240°C were set 
for all three diff~rent coated pigments. The fixed processing conditions 
allowed all samples to be subjected to the same quality and amount of steam, 
required to produce the same amount of centrifugal velocity inside the steam 
chamber. As for the sample feed rate, each sample was calibrated to give a 
uniform feed rate prior to the micronising process. This is to ensure each 
sample produced a uniform flow pattern at its own maximum efficiency into 
the steam chamber. Hence, the sample feed rate was the only variable. 
Table 5.1 indicates some pigment was lost from each sample after the 
micronising process because the coarser pigment particles were being 
removed from the finer pigment particles. Each micronised pigment produced 
a sample weight not less than 1.5 kg from the microniser. Sample 1 produced 
a higher output efficiency of 79% while both samples 2 and 3 had lower 
efficiencies at approximately 77% each. Under visual inspection, the 
micronised pigments appeared white. The final pigment particles were finer 
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without any signs of pigment agglomeration. With the same processing 
conditions, sample 1 was found to produce a higher feed rate at 270 glmin. 
Both samples 2 and 3 flowed at about the same rate of 250 g/min. 
TMP has been used to improve the micronising process. Thus, sample 2 had 
proven to give good pigment dispersion. Sample 1 was coated with an 
additional layer of PDMS. The outcome produced a higher feed rate and 
higher output efficiency than sample 2. This suggests that double coated 
sample 1 improved the pigment dispersibility more effectively than single 
coated sample 2. In conclusion, sample 1 produced the best dispersion from 
the micronising process whereas samples 2 and 3 both had similar results. 
Table 5.1 Data collected from micronising process 
Sample Flow time, Feed rate, Weight % 
min and sec g/min collected, g efficiency 
1) 0.2%TMP + 7 min 25 sec 270 1582 79.1 
0.5%PDMS 
2) 0.3% TMP 8 min 5 sec 247 1548 77.4 
3) 0.8% OPA 8 min 12 sec 244 1534 76.7 
Initial weight of sample = 2000g 
Refer to the full microniser log sheet in Appendix 11. 
5.2.2 TEM analysis 
Each type of micronised Ti02 pigment was analysed with TEM. A thin, non-
uniform "shadow" was found encapsulating the Ti02 particles for each type of 
coated pigment, as shown in Figures 5.1 a to 5.1 c. No significant differences 
were observed between these three samples. These shadows were most 
likely to be due to the inorganic coatings. This has been agreed upon by 
several workers [65,66). As the coating layer of each organic compound could 
not be clearly detected by TEM, a further analysis of the coatings was carried 
out using a XRF analyser. The results are discussed in section 5.2.3. 
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Figure 5.1 a Transmission electron micrograph of Sample 1 
Inorganic coating 
Figure 5.1 b Transmission electron micrograph of Sample 2 
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Figure 5.1 c Transmission electron micrograph of Sample 3 
5.2.3 Elemental analysis 
5.2.3.1 XRF analysis 
The intensities of the inorganic elements were measured by XRF analyser 
and converted into their concentration values. Aluminium (AI) and silicon (Si) 
atoms indicated the presence of AI20 3 and Si02, as shown in Table 5.2a. Both 
are the inorganic oxides added to the pigments prior to addition of the organic 
compounds. The amount indicated that some inorganic coating was lost 
during Ti02 manufacturing. Impurities such as Cl may be present in hydrous 
Ti02 derived from the ilmenite chloride process. The remaining elements from 
S03 to Sb20 3 were believed to be the residual compounds added during the 
manufacturing process that helps to control the growth of Ti02 nuclei. 
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Table 5.2a XRF results tabulated from raw data 
~ Inorganic 1 2 3 coated . Element 
Alumina (Al20,) 3.40 3.07 3.15 3.13 
Silica (Si02) 1.11 1.10 1.11 1.11 
Chlorine (Cl) 
- <0.001 <0.001 <0.001 
Sulphur trioxide (SO,) 
-
0.23 0.23 0.23 
Calcium oxide (CaO) 
-
0.002 0.002 0.002 
Potassium oxide (K2O) - <0.01 <0.01 <0.01 
Zirconium dioxide 
-
0.04 0.04 0.04 
l Zr02) 
Zinc oxide (ZnO) 
- <0.001 <0.001 <0.001 
Niobium pentoxide - <0.01 <0.01 <0.01 
lNb20st 
Iron (Fe) 
-
31 19 18 
Lead (Pb) 
-
<5 <5 <5 
Tin (Sn) 
- 6 7 6 
Antimony trioxide - <10 <10 <10 
(Sb2O,) 
Note: All elements are present in percentage (%) except Fe to Sb20 3 in ppm 
5.2.3.2 Carbon analysis 
The presence of carbon (C) atom indicates that there are signs of organic 
compounds coated onto the Ti02 pigments. It can be seen in Table 5.2b that 
each organic compound present was found to be equivalent to the amount 
added onto the inorganic coated pigment (sample 1 = 0.2% TMP + 0.5% 
PDMS, sample 2 = 0.3% TMP, sample 3 = 0.8% OPAl. Each amount was 
calculated by multiplying the carbon value with a conversion factor. 
Table 5.2b Results on the organic-coated Ti02 pigments 
Compound Sample 1 Sample 2 ~ample3 
Carbon Experimental Carbon Experimental Carbon Experimental 
value amount value amount value amount 
TMP 0.13 0.24% 0.18 0.33% - -
PDMS . 0.16 0.49% - - -
OPA - - - 0.40 0.80% 
-JlO-
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Conversion factors: TMP = 1.86 
PDMS = 3.09 
OPA =2.02 
[ Sample calculation 1 : 
Sample 1 : TMP = 0.13 x 1.86% 
= 0.24% 
PDMS = 0.16 x 3.09% 
=0.49% 
5.3 Torque rheometer studies of PVC dry blends 
Results and discussion 
Some preliminary experiments were carried out for the coated Ti02 pigments 
to determine the best processing conditions for the fusion test. Only sample 1 
was used. As PVC is a heat sensitive material, even a small processing 
temperature difference. would affect the fusion time of the compound. Each of 
the following samples was mixed at 5'C increments, from 180'C to 200'C: 
Temperature CC ) 180 185 .190 195 200 
Fusion time (minutes) 4 3 2.5 2 1 
Under visual observation, all samples were found to be fused with smooth 
white surfaces, no degradation had occurred. It was seen that the fusion time 
decreased with increasing processing temperature, which was to be expected. 
Hence, only .190·C was chosen for further fusion test. The rotor speed also 
plays an important role in further fusion test. Hence 3 different rotor speeds, 
20, 40 and 60 rpm, were studied. It was found out that a rotor speed of 20rpm 
gave reasonable fusion times. Higher rotor speeds in fact caused too much 
shear and degraded the PVC compounds. 
Therefore, each PVC blend was mixed for 8 minutes under the chosen 
condition. The torque against mixing time graph, (known as fusion curve), for 
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each sample was plotted and shown in Appendix Ill. Three closest runs were 
averaged for each sample. Figures 5.2a and 5.2b show the average fusion 
curves for the uncoated and coated pigment samples. Four features were 
observed for each fusion curve. Each sample instantly produced a high torque 
of up to 35 Nm at the point of material loading; this is known as packing 
peak, (denoted as A). It occurred because of the sudden increment of shear 
in the cavity chamber. The torque then decreased immediately to a minimum 
of less than 10 Nm. This is the plastication peak, (denoted as B), where the 
PVC compound had started to fuse together. This lasted about 2 to 3 minutes 
before the torque increased again and reached a maximum peak. This is the 
fusion peak, (denoted as C), where the PVC compound has bridged 
completely into a three dimensional network. The time taken for the fusion to 
occur is called the fusion time, (denoted as t). The A plateau was then 
formed and the torque stayed constant for the remaining mixing time. This is 
known as the equilibrium torque, (denoted as ET). The above features are 
explained by the morphological changes on the fusion behaviour [33). 
Figure 5.2a Average fusion curve: 4phr Ti02 
30r-------------------------------------~ 
A 
- 20 C E 
z ET 
-Cl> 
:::J 
e-
~ 10 
t • 
0+U------~--~--~------~--------~--~ 
o 100 200 300 400 
Mixing time ( seconds) 
-4phrS1 -4phrS2 -4phrS3 -Inorganiccoall!d -Uncoated 
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Sample Fusion time Equilibrium torque 
(seconds) (Nm) 
Uncoated 190 ±3 14.0 ±0.8 
Inorganic 190 ±3 14.0 ±0.2 
Sample 1 (Si) 152±3 13.5 ±0.4 
Sample 2 (S2) 160±3 13.2 ±0.2 
Sample 3 (S3) 154 ±3 13.4 ±0.4 
Figure 5.2b Average fusion curve: 10phr Ti02 
@.------------------------------------, 
A 
30 
c 
- 20 
III 
ET 
~ 
e-
t!. 10 I 
t ·1 O~------_r--~--_r------_.--------r_----~ 
o 100 200 300 
Mixing time ( seconds) 
-10phrS1 -10phrS2 -10 phrS3 -Inorganic coated -Uncoated 
Sample Fusion time Equilibrium torque 
(seconds) (Nm) 
Si 148 ±7 13.3 ±0.2 
S2 188 ±9 12.6 ±0.6 
S3 148 ±9 13.3 ±0.5 
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, 
It was seen that there was no difference in the fusion times and torque values 
between the uncoated and inorganic coated samples. The addition of different 
organic compounds showed an effect in the fusion times. It was observed that 
both average fusion curves produced the same trend - all three types of 
samples produced lower equilibrium torque values than the non-organic 
coated samples. At 4phr Ti02 loading, all three samples gave improvements 
in their fusion times, a reduction of approximately 30 seconds. Each organic 
coated pigment showed a subtle difference. Sample 1 fused the fastest, 
sample 2 fused the slowest and, sample 3 fused at intermediate time. At 
1 Ophr of Ti02 loading, both samples 1 and 3 were observed to produce similar 
fusion times. Only sample 2 showed an increase in the. fusion time, 
(approximately 30 seconds). More processing tests were conducted on these 
three types of coated pigments. The results are discussed in sections 5.4 to 
5.S. The chemistry on the type of organic coating on the Ti02 pigment was 
also studied and discussed in section 5.9. 
5.4 Twin screw extrusion 
After studying the fusion characteristics of PVC in a torque rheometer, larger 
scale equipment was used to process the PVC blends. As the final products of 
this project are window profiles, a twin-screw extruder was used. Two different 
extruders were used; hence, two different screw speeds with same processing 
temperature profile were used. Two different Ti02 loadings were also tested. 
In total, there were three sets of sample results, which were labelled as set I, 
set 11 and set Ill. The torque values and output rate were obtained and they 
are shown in Table 5.3. 
Set I : PVC blend with 4phr Ti02 extruded at 20rpm (by the old extruder) 
Set 11 : PVC blend with 4phr Ti02 extruded at 40rpm (by the new extruder) 
Set Ill: PVC blend with 1 Ophr Ti02 extruded at 40rpm (by the new extruder) 
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Table 5.3 shows the results obtained from extrusion 
Set Sample Screw Torque, Weight of 
speed, % extrudate in 
rpm 36 seconds, g 
4phr Sl' 20 26±1 42.7 ±O.l 
.I 4phr S2' 20 24 ±1 42.0 ±O.6 
4phr S3' 20 24 ±1 42.5 ±O.l 
4phr Sl 40 35 ±1 105 ±1 
11 4phr S2 40 34 ±1 102 ±3 
4phr S3 40 34 ±1 103 ±1 
10phr Sl 40 33 ±1 96 ±1 
III 10phr S2 40 31 ±1 79 ±1 
10phr S3 40 31 ±1 79 ±1 
* Using KML25 extruder (old) 
Others are processed by KMD2-25 (new) 
[ Calculation on the output rate 1 : 
(a) 1 9 -7 1/1000 = 0.001 kg 
(b) 3600s -7 1 hr 
1 s -7 1/3600 = 2.78 xl 0.4 hr 
(c) 0.001 Kg 
Factor = ----------------------
2.78 x 10.4 hr 
= 3.6 kg/hr 
Therefore, for example, sample 1 = 42.51 gin 36 seconds: 
42.51 g 
Output rate of sample 1 = ------------- x 3.6 = 4.251 kglhr 
36 s 
- 4 kglhr 
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5.4.1 Torque 
For set I, sample 1 produced the highest torque value, while both samples 2 
and 3 produced similar torques. This is because sample 1 fused more quickly 
than samples 2 and 3. Faster fusion produced higher levels of shear and heat; 
hence, a higher force is required to extrude the PVC melt between the barrel 
wall of the extruder and out of the die. A similar outcome has been drawn by 
several workers [24,114). As the screw speed increased (set 11), each type of 
sample also produced higher torque values. There were no changes between 
set 11 and set III results (Le. higher Ti02 loading). It was observed that sample 
1 always produced the highest torque values from all three sets of results. 
5.4.2 Output rate 
Same output rates were produced by all three types of samples. It was 
observed that a faster screw speed, (set 11), increased the output rate for each 
sample because the residence time in the extruder barrel was shortened. 
However, at higher Ti02 loading, (set Ill), both samples 2 and 3 produced a 
lower output rate than sample 1 . It was observed that the output results also 
produced the same trend as the torque results - sample 1 always produced 
the highest output rate. 
5.4.3 Conclusions 
Both old and new extruders were found to produce good correlation of results. 
Sample 1 with two types of organic compounds, was shown to provide the 
best processability for all three different sets of condition. This correlates well 
with the fusion test (sample 1 fused the quickest). 
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5.5 Degree of fusion (DSC test) 
After extruding the samples, their degree of fusion was analysed with a DSC 
analyser. Figure 5.3 shows one of the DSC thermograms produced from an 
extruded PVC sample. The glass transition temperature (Tg) of the PVC was 
found to be approximately S6·C. The first endothermic peak was between the 
temperatures of 110·C and 190·C, (denoted as Area A). The second 
endothermic peak was between 190·C and 210·C, (denoted as Area B). 
These areas were separated by a characteristic temperature, (denoted as Te). 
The energies of endotherms were measured and their degree of fusion 
obtained. These results are shown in Table 5.4. 
It was found out that the T 9 of the PVC was unaffected by the types of 
organic-coated pigments (pure PVC resin has a T 9 of S6·C, as shown in 
Appendix IV). It was also can be seen in Table 5.4 that the Tg of the PVC 
compound was unchanged with different processing parameters. Similarly, 
each sample also produced a similar Te, which was close to the die 
temperature set at 190·C. This indicated that a sufficient amount of fusion has 
taken place for each extruded sample. For set I, sample 1 obtained a higher 
degree of fusion whereas samples 2 and 3 both produced similar results. At 
faster screw speed (set 11), higher levels of shear and heat were generated 
along the extruder. Hence, each extrudate sample produced a higher degree 
of fusion. However, no significant differences were observed from the fusion 
levels at a higher Ti02 loading, (set Ill). 
In conclusion, the addition of different organic compounds had an effect on 
the degree of fusion. All three sets of samples produced the same trend -
sample 1 always produced the highest degree of fusion. 
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Figure 5.3 DSC thermogram of extruded PVC profile 
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Table 5.4 Average DSC data obtained from extruded samples 
Set Sample 
4phr S1 
I 4phrS2 
4phrS3 
4phr S1 
11 4phr S2 
4phrS3 
10phr S1 
III 10phr S2 
10phr S3 
where Onset Tg 
.o.HA 
.o.HB 
% fusion 
Tc 
Screw Onset .o.H. .o.Hb 
speed Tg (JIg) (JIg) 
(rpm) (QC) 
20 85 ±1 2.14 ±D.3 0.44 ±O.1 
20 85 ±1 1.70 ±D.5 0.60 ±O.2 
20 85 ±1 1.80±D.3 0.56 ±D.1 
40 85 ±1 2.59 ±D.7 0.31 ±D.1 
40 85 ±1 2.59 ±D.8 0.40 ±D.1 
40 86 ±1 2.53 ±D.6 0.42 ±O.1 
40 85 ±1 2.65 ±D.3 0.28 ±D.1 
40 85±1 1.94 ±D.9 0.38 ±D.2 
40 85±1 1.98 ±1.0 0.40 ±D.2 
= Glass transition temperature 
= Enthalpy of endotherm A 
= Enthalpy of endotherm B 
= lI.HA/.o.( HA + He) X 100% 
0/0 Tc 
fusion (QC) 
84±2 189 ±1 
74 ±4 187 ±3 
76 ±3 189 ±1 
89 ±2 191 ±3 
86 ±2 191 ±4 
86±3 191 ±3 
91 ±3 192 ±4 
84±3 188±5 
83 ±4 190±5 
= Characteristic of the maximum processing temperature 
Refer to the individual DSC data of the samples produced in different forms in 
Appendix IV. 
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5.6 Impact strength of extruded profiles 
5.6.1 Failure in the first set of specimens 
Results and discussion 
After obtaining the degree of fusion, an impact resistance test was conducted, 
as detailed in section 4.12. It was found out that all three types of samples 
from set I fractured at low impact strengths. Each type of sample produced 
approximately an impact strength of 8 kJ/m2, as tabulated in Tables 5.5a to 
5.5c. All specimens failed the Charpy impact test, under 8S7413. The 
minimum requirement for this standard is 12 kJ/m2. The impact strength of the 
extruded samples should correspond to their fusion levels. The results 
obtained from DSC, showed that each sample produced a degree of fusion no 
less than 74%. It has been studied and reported that a fusion level at 75% 
produces an impact strength approximately at 17 kJ/m2 (24). Therefore, an 
investigation into the reason for the failure was conducted. 
[ Sample calculation for impact strength) : 
w 
ace = 
0.2371 J 
== -----------------------------
5.29mm x 5.18mm 
= 8.7 kJ/m2 
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[ Set I) 
Table 5.5a 4phr Ti02 S1 extruded at 20 rpm 
No. I,mm X,mm V,mm V- V.,mm V., mm Energy, J aee,kJ/m2 
1 50.96 5.29 6.18 1.00 5.18 0.2371 8.7 
2 50.98 5.26 6.19 1.10 5.09 0.188 7 
3 51.00 5.27 6.18 1.10 5.08 . 0.2202 8.3 
4 51.02 5.26 6.20 1.10 5.10 0.2032 7.6 
5 51.04 5.24 6.20 1.10 5.10 0.2371 8.9 
6 51.09 5.30 6.20 1.10 5.10 0.2032 7.5 
7 51.06 5.22 6.20 1.00 5.10 0.2303 8.7 
8 51.09 5.21 6.19 1.00 5.09 0.2032 7.7 
9 51.10 5.30 6.18 1.10 5.08 0.2202 8.2 
10 51.10 5.32 6.19 1.00 5.09 0.21 7.8 
Mean 51.04 5.27 6.19 1.06 5.10 0.22 B.O 
Standard 0.05 0.04 0.01 0.05 0.03 0.02 0.6 
deviation 
Table 5.5b 4phr Ti02 S2 extruded at 20 rpm 
No. I,mm X,mm V,mm V- V.,mm V., mm Energy, J aee,kJ/m2 
1 51.09 5.25 6.18 1.00 5.18 0.1795 6.6 
2 50.99 5.26 6.18 1.00 5.18 0.2303 8.5 
3 51.05 5.22 6.18 1.10 5.08 0.2303 8.7 
4 51.08 5.23 6.16 1.00 5.16 0.2032 7.5 
5 51.07 5.22 6.17 1.10 5.07 0.1863 7.1 
6 51.10 5.22 6.16 1.10 5.06 0.21 8 
7 51.11 5.22 6.17 1.10 5.07 0.2134 8 
8 51.14 5.23 6.18 1.10 5.08 0.2371 8.9 
9 51.12 5.24 6.19 0.90 5.29 0.2507 9.1 
10 51.16 5.19 6.16 0.90 ·5.26 0.1863 6.8 
Mean 51.09 5.23 6.17 1.03 5.14 0.21 7.9 
Standard 0.05 0.02 0.01 O.OB O.OB 0.02 0.9 
deviation 
Table 5.5c 4phr Ti02 S3 extruded at 20 rpm 
No. I,mm X,mm V,mm V- V.,mm V., mm Energy, J aee,kJ/m2 
1 51.05 5.19 6.18 1.00 5.18 0.2066 7.7 
2 51.01 5.21 6.18 1.10 5.08 0.2202 8.3 
3 50.99 5.24 6.19 1.10 5.09 0.1863 7 
4 51.13 5.26 6.18 1.00 5.18 0.2439 9 
5> 50.98 5.19 6.19 1.00 5.19 0.2575 9.6 
6 51.08 5.23 6.19 1.00 5.19 0.1795 6.6 
7 51.18 5.22 6.18 1.00 5.18 0.2032 7.5 
, 8 51.15 5.21 6.18 0.90 5.28 0.2202 8 
9 51.10 5.23 6.18 1.00 5.18 0.271 10 
10 51.16 5.18 6.18 1.00 5.18 0.1964 7.3 
Mean 51.0B 5.22 6.1B 1.01 5.17 0.22 B.1 
Standard 0.07 0.03 0.00 0.06 0.06 0.03 1.1 
deviation 
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5.6.2 Investigation into failed specimens 
PVC is a notch sensitive plastic, therefore the notches of the specimens were 
first examined [115). To ensure the quality and finish of the notch in the 
specimen, the notches were monitored under an optical microscope in a 
transmitted light mode. It was observed that the notches were incorrect for the 
Charpy impact test. Instead of a curve radius at notch base, as seen in 
Figures 5.4a and 5.4b, showed a rectangular notch and, a small crack existed 
at the point of a V-shaped notch. All these defects created extreme stresses 
within the samples. Thus, the impact resistance to the samples was greatly 
reduced and the specimens fractured at low impact energies. 
With further investigation, it was realised that the notches of the specimens 
were cut with a wrong cutter tool. There were three cutters available for 
plastics testing. A sample notch was made from each cutter and examined 
under the optical microscope. The correct cutter was found to be the one with 
the reference number 8759. The correct notch radius according to B87413 
standard should be 0.01 mm. 
Hence, new sets of specimens were prepared using the correct cutter. Figures 
5.5a and 5.5b show the correct shape and dimension of the notch, complying 
with the standard. As a result, the cracks were propagated at the right levels 
and all specimens fractured at higher impact energies. The calculations of 
impact strength for each set of samples were tabulated from Tables 5.6 to 5.8. 
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Figure 5.4a Bad notch; side A examined under a microscope 
rectangular notch 
Figure 5.4b Bad notch; side B examined under a microscope 
crack 
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Figure 5.5a Good notch: side A examined under a microscope 
radius at O.O]mm 
Figure 5.5b Good notch: side B examined under a microscope 
radius at 0.0] mm 
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[ Set I] 
Table 5.6a 4phr Ti02 S1 extruded at 20 rpm 
No. I,mm X,mm V,mm V· V"mm Yk,mm Energy, J 8 cc,kJ/m' 
1 50.05 4.90 6.10 1.00 5.10 0.3388 13.6 
2 50.00 5.00 6.05 1.00 5.05 0.3524 14 
3 49.94 5.10 6.05 1.15 4.90 0.3456 13.8 
4 49.94 4.90 6.05 1.00 5.05 0.3659 15.2 
5 49.94 5.00 6.00 1.10 4.90 0.3727 15.1 
6 50.05 4.90 6.05 0.90 5.15 0.3524 16.3 
7 50.05 4.90 6.05 1.00 5.05 0.3998 16.7 
8 50.05 4.90 6.00 0.85 5.15 0.3388 13.4 
9 50.00 4.90 6.10 0.85 5.15 0.2981 11.8 
10 49.94 4.90 6.00 1.00 5.00 0.2981 12.2 
Mean 50.00 4.94 6.05 0.99 5.05 0.35 14.2 
Standard 0.05 0.07 0.04 0.10 0.09 0.03 1.6 
deviation 
Table 5.6b 4phr Ti02 S2 extruded at 20 rpm 
No. I,mm X,mm V,mm V· V"mm Yk,mm Energy, J 8 cc,kJ/m< 
1 50.00 5.05 6.05 0.90 5.15 0.3591 13.8 
2 50.10 5.00 6.00 1.00 5.00 0.3524 14.1 
3 50.00 5.00 6.00 1.00 5.00 0.3591 14.4 
4 50.00 5.00 6.00 1.00 5.00 0.3727 14.9 
5 50.00 4.75 6.00 1.00 5.00 0.2914 12.3 
6 50.10 5.00 6.00 1.00 5.00 0.2914 11.7 
7 50.05 5.10 6.00 1.00 5.00 0.3049 12 
8 50.00 4.80 6.05 1.00 5.05 0.2846 11.7 
9 50.00 5.00 6.00 1.00 5.00 0.2914 11.7 
10 50.00 5.00 6.00 1.10 4.90 0.2846 11.6 
Mean 50.03 4.97 6.01 1.00 5.01 0.32 12.8 
Standard 0.04 0.11 0.02 0.05 0.06 0.04 1.3 
deviation 
Table 5.6c 4phr Ti02 S3 extruded at 20 rpm 
No. I,mm X,mm V,mm V· V"mm V"mm Energy, J ace,kJ/m' 
1 50.00 4.80 6.05 1.10 4.95 0.3998 16.8 
2 50.10 5.00 6.05 1.10 4.95 0.3863 15.6 
3 50.00 4.90 6.05 1.00 5.05 0.3727 15.1 
4 50.00 5.00 6.05 1.00 5.05 0.3591 14.2 
5 50.00 5.00 6.10 1.00 5.1 0.3659 14.3 
6 50.00 5.05 6.05 1.00 5.05 0.2981 11.7 
7 50.10 5.00 6.00 1.00 5.05 0.2778 11.0 
8 50.05 5.00 6.05 1.00 5.05 0.2778 11.0 
9 49.90 5.00 6.05 1.00 5.05 0.2981 11.8 
10 50.00 5.00 6.05 1.00 5.05 0.2778 11.0 
Mean 50.02 4.98 6.05 1.02 5.04 0.33 13.3 
Standard 0.06 0.07 0.02 0.04 0.05 0.05 2.2 
deviation 
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[ Set 11 1 
Table 5.7a 4phr Ti02 S1 extruded at 40 rpm 
No. I,mm X,mm Y,mm Y- Y.,mm Y.,mm Energy, J acc,kJ/m' 
1 50.00 6.10 5.95 1.00 4.95 0.7863 26.0 
2 51.00 6.35 5.95 1.40 4.55 0.9761 33.4 
3 50.25 6.15 6.00 1.20 4.60 0.9761 34.5 
4 49.85 6.15 6.05 1.20 4.85 0.86n 29.1 
5 50.15 6.15 5.95 1.40 4.55 0.9084 32.5 
6 50.25 6.20 5.95 1.40 4.55 0.7863 27.9 
7 50.20 6.10 5.95 1.20 4.75 0.86n 29.5 
8 50.20 6.25 5.95 1.20 4.75 0.9761 32.9 
9 50.15 6.25 5.95 1.20 4.75 0.86n 29.4 
10 49.9 6.25 5.95 1.20 4.75 0.7863 26.5 
Mean 50.20 6.20 5.97 1.24 4.71 0.88 30.2 
Standard 0.32 0.08 0.03 0.13 0.14 0.08 3.0 
deviation 
Table 5.7b 4phr Ti02 S2 extruded at 40 rpm 
No. I,mm X,mm Y,mm Y- Y.,mm Yk,mm Energy, J acc,kJ/m' 
1 50.10 6.35 6.00 1.40 4.60 0.8812 30.2 
2 50.00 6.35 6.05 1.20 4.85 0.9219 29.9 
3 50.05 6.30 6.05 1.40 4.65 0.7321 25.0 
4 50.20 6.45 5.95 1.20 4.75 0.7999 26.1 
5 50.10 6.35 6.00 1.40 4.60 0.7321 25.1 
6 50.10 6.40 5.95 1.40 4.60 0.6101 20.7 
7 50.10 6.35 5.95 1.00 4.95 0.n28 24.6 
8 50.10 6.40 6.00 1.00 5.00 0.6643 20.8 
9 50.10 6.30 6.00 1.00 5.00 0.7457 23.7 
10 50.10 6.15 6.08 1.20 4.80 0.8135 27.6 
Mean 50.10 6.34 6.00 1.22 4.78 0.77 25.4 
Standard 0.05 0.08 0.05 0.18 0.17 0.09· 3.3 
deviation 
Table 5.7e 4phr Ti02 S3 extruded at 40 rpm 
No. I,mm X,mm Y,mm Y- Y.,mm Y.,mm Energy, J acc,kJ/m' 
1 50.10 6.35 6.00 1.40 4.60 0.8135 27.9 
2 50.00 6.35 6.05 1.20 4.85 0.9219 29.9 
3 50.05 6.30 6.05 1.40 4.65 0.7999 27.3 
4 50.20 6.45 5.95 1.20 4.75 0.7999 26.1 
5 50.10 6.35 6.00 1.40 4.60 0.7321 25.1 
6 50.10 6.40 5.95 1.40 4.60 0.n28 26.3 
7 50.10 6.35 5.95 1.00 4.95 0.n28 24.6 
8 50.10 6.15 6.08 1.20 4.88 0.8135 27.1 
9 50.10 6.30 6.00 1.00 5.00 0.7457 23.7 
10 50.10 6.15 6.08 1.20 4.80 0.8135 27.6 
Mean 50.10 ·6.32 6.01 1.24 4.77 0.80 26.6 
Standard 0.05 0.10 0.05 0.16 0.15 0.05 1.8 
deviation 
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[ Set III 1 
Table 5.8a 1 Ophr Ti02 S1 extruded at 40 rpm 
No. I,mm X,mm Y,mm Y- Yk,mm Yk,rnm Energy, J acc,kJ/m' 
1 50.10 7.00 6.00 1.20 4.80 0.7321 21.8 
2 49.98 6.90 6.00 1.40 4.60 0.7321 23.1 
3 50.00 6.90 6.08 1.40 4.68 0.7457 23.1 
4 49.96 7.00 6.04 1.40 4.64 0.7999 24.6 
5 .50.04 6.72 6.00 1.40 4.60 0.7321 23.7 
6 49.96 6.66 6.08 1.40 4.68 0.6914 22.2 
7 50.10 6.58 6.06 1.40 4.66 0.7457 24.3 
8 50.02 6.60 6.04 1.20 4.84 0.7185 22.5 
9 50.18 6.78 6.08 1.40 4.68 0.7457 23.5 
10 50.26 6.62 6.04 1.50 4.54 0.6914 23.0 
Mean 50.06 6.78 6.04 1.37 4.67 0.73 23.2 
Standard 0.10 0.16 0.03 0.09 0.09 0.03 0.9 
deviation 
Table 5.8b 1 Ophr Ti02 S2 extruded at 40 rpm 
No. I,mm X,mm Y,mm Y- Yk,mm Yk,mm Energy, J acc,kJ/m' 
1 50.40 6.65 6.05 1.10 4.95 0.7185 22.4 
2 50.40 6.55 6.10 1.30 4.80 . 0.6101 19.4 
3 50.45 7.30 6.05 1.30 4.75 0.583 16.8 
4 50.40 6.85 6.00 1.30 4.70 0.7321 21.7 
5 50.50 6.90 6.05 1.30 4.75 0.7863 24 
6 50.30 7.50 6.05 1.30 4.75 0.5559 15.6 
7 50.40 6.70 6.05 1.40 4.65 0.6101 19.6 
8 50.35 7.30 6.05 1.20 4.85 0.5423 15.3 
9 50.40 7.30 6.05 1.20 4.85 0.5287 14.9 
10 50.40 7.30 6.05 1.30 4.75 0.5898 17.0 
Mean 50.40 7.04 6.05 1.27 4.78 0.63 18.7 
Standard 0.05 0.34 0.02 0.08 0.09 0.09 3.2 
deviation 
Table 5.8c 1 Ophr Ti02 S3 extruded at 40 rpm 
No. I,mm X,mm Y,mm Y- Yk,mm Yk,mm Energy, J acc,kJ/m< 
1 50.18 6.20 6.06 1.20 4.86 0.7185 23.8 
2 50.04 6.30 6.06 1.00 5.06 0.7185 22.5 
3 50.12 6.28 6.00 1.20 4.80 0.7592 25.2 
4 50.16 6.30 6.04 1.20 4.84 0.6101 20 
5 50.16 6.28 6.02 1.00 5.02 0.6643 21.1 
6 50.18 6.30 6.04 1.20 4.84 0.6372 20.9 
7 50.12 6.26 5.94 1.00· 4.84 0.6236 20.6 
8 50.20 6.22 6.06 1.40 4.66 0.6643 22.9 
9 50.18 6.26 6.06 1.20 4.86 0.6372 20.9 
10 50.16 6.26 6.02 1.20 4.86 0.6101 20.1 
Mean 50.15 6.27 6.03 1.16 4.86 0.66 21.8 
Standard 0.05 0.03 0.04 0.13 0.11 0.05 1.7 
deviation 
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5.6.3 Impact results on good specimens 
It was found that all of the new sets of samples passed the impact test. Figure 
5.6 shows the average impact strength obtained from each type of sample 
subjected to different processing conditions. It can be observed that the 
impact resistance correlates very well with the degree of fusion. Sample 1, 
having the highest degree of fusion, obtained the highest impact strength. 
Samples 2 and 3 had lower degree of fusion and, produced lower impact 
strength. The impact strength of each type of sample increased when a faster 
screw speed was used, (set 11). However, all the impact strengths decreased 
at a higher Ti02 loading, (set Ill). This is because more Ti02 tend to occupy 
more spaces in the same amount of PVC resin, therefore the impact 
resistance of the extruded profiles was reduced when the molecules inside the 
PVC compound were less mobile. 
In conclusion, the impact strength results were found to correspond with the 
extrusion results. All three sets of specimens produced the same trend -
sample 1 always obtained the highest impact strength. 
Figure 5.6 Average Charpy impact strength 
4phr,20rpm 
4phr,4Orpm 
10phr,4Orpm 
o 10 20 30 40 
Average charpy impact streng1h, kJlm2 
Setl Set 11 Set III 
Sample 4phr TiOz• 20rpm 4phr TiOz• 40rpm 10phr TiOz• 40rpm 
1 14.2 ±1.6 30.5 ±3.0 23.2 to.9 
2 12.8 ±1.3 25.4 ±3.3 18.7 ±3.2 
3 13.3 ±2.2 26.6 ±1.8 21.8 ±1.7 
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5.7 Colour test 
Using CIE lab, a lower L* value means the specimens appeared less bright or 
white. A higher b* value means the specimens appeared more yellowish. In 
order to analyse the colour differences between the samples, only L* and b* 
values were used as an agreed upon reference. The colour measurements on 
different forms of samples are tabulated in Tables 5.9a to 5.ge. 
Conditions used: Colour scale = Cl E1976, lIuminant = 065, Observer = 100 
Table 5.9a Colour measurements on Ti02 pigments 
Description L* a* b* 
TC-30 standard 98.89 -0.54 0.99 
Sample 1 98.95 -0.50 1.06 
Sample 2 98.83 -0.45 1.06 
Sample 3 98.90 -0.51 1.09 
Table 5.9b Colour measurements on milled sheets (4phr Ti02) 
Description L* a* b* 
Sample 1 93.25 -0.49 3.19 
93.33 -0.52 3.29 
93.29 -0.51 3.26 
Average 93.29 -0.51 3.25 
Standard deviation 0.04 0.02 0.05 
Sample 2 93.28 -0.54 3.20 
92.98 -0.54 3.07 
93.22 -0.54 3.20 
Average 93.16 -0.54 3.16 
Standard ,deviation 0.16 0.00 0.08 
Sample 3 93.00 -0.57 3.50 
93.29 -0.58 3.48 
93.00 -0.57 3.52 
Average 93.10 -0.57 3.50 
Standard deviation 0.18 0.01 0.02 
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Table 5.9c Colour measurements on moulded sheets (4phr Ti02) 
Description L* a* b* 
Sample 1 92.30 -0.58 4.18 
92.18 -0.57 4.17 
92.12 -0.55 4.32 
Average 92.20 -0.51 4.22 
Standard deviation 0.09 0.02 0.08 
Sample 2 93.75 -0.59 4.15 
93.80 -0.59 4.09 
93.73 -0.60 4.26 
Average 93.76 -0.59 4.17 
Standard deviation 0.04 0.01 0.09 
Sample 3 93.22 -0.57 3.81 
93.20 -0.58 3.80 
93.27 -0.57 3.77 
Average 93.23 -0.57 3.79 
Standard deviation 0.04 0.01 0.02 
Table 5.9d Colour measurements on extruded profiles (4phr Ti02) 
Description L* a* b* 
Sample 1 93.66 -0.76 3.66 
93.59 -o.n 3.60 
93.66 -0.75 3.61 
Average 93.64 -0.76 3.62 
Standard deviation 0.04 0.01 0.03 
Sample 2 93.39 -0.59 3.37 
93.34 -0.58 3.26 
93.36 -0.59 3.25 
Average 93.36 -0.59 3.29 
Standard deviation 0.03 0.01 0.07 
Sample 3 93.59 -0.72 3.85 
93.38 -0.72 3.82 
93.58 -0.73 3.85 
Average 93.52 -0.72 3.84 
Standard deviation 0.12 0.01 0.02 
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Table 5.ge Colour measurements on extruded profiles (1 Ophr Ti02) 
Description L* a* b* 
Sample 1 95.72 -0.64 3.21 
95.72 -0.64 3.25 
95.53 -0.59 3.24 
Average 95.66 -0.62 3.23 
Standard deviation 0.11 -0.03 0.02 
Sample 2 95.94 -0.65 2.62 
95.63 -0.65 2.73 
95.97 -0.66 2.71 
Average 95.85 -0.66 2.69 
Standard deviation 0.19 0.01 0.06 
Sample 3 95.93 -0.59 3.18 
95.79 -0.60 3.36 
96.14 -0.60 3.44 
Average 95.95 -0.60 3.33 
Standard deviation 0.18 0.01 0.13 
There was no significant change in colour between the inorganic coated and 
three different organic coated Ti02 pigments. Greater changes were seen 
when the coated pigments were added into the PVC compounds and were 
being processed. 
Although all processed samples appeared white under visual observation, 
there were differences in their b* values. It was observed that the milled 
samples produced the lowest b* values. Because milling is a low shear 
process, it did not create much mixing to the PVC blends. The moulded 
plaques produced the highest b* values because they had been processed 
twice, (Le. firstly by milling and secondly by compression moulding). The 
samples were exposed to subsequent stages of heat so their stabilities were 
·reduced with the addition of Ca/Zn stabiliser, the resulting compound had poor 
initial colour stability so it could not prevent the PVC compounds suffer from 
slight degradation. The extruded samples obtained intermediate b* values due 
to the amount of heat and shear inside the extruder barrel. 
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Extruding PVC blend with a higher Ti02 loading resulted in higher L' values 
and lower b* values. This was because Ti02 pigment has excellent opacity 
and whiteness. The higher the Ti02 content, the better is the resistance, 
(comparing results in Table 5.6d and 5.6e). 
Figure 5.7 illustrates how the colour of the Ti02 pigments and processed 
samples were located in a three dimensional colour space. Both milled and 
extruded samples were located very near to L (whiteness) while the moulded 
samples were located more towards b (yellow) and less bright at the same 
location. 
Figure 5.7 Samples located in CIE 1976 ( L*a"b") colour space 
;----- location of pigments 
yellow, +b* 
........ ---- - -~-·--7-
........ /~/OCatiOn of moulded specimens 
Green --.. - .. -----~+'"/--'\_----- Red 
.. 
-a* .. 
Blue, -b* 
Black -L* 
+a* 
~-- location of milled/extruded 
specimens 
The overall conclusion drawn from the colour measurements, was that the 
types of organic coating applied to the Ti02 pigment did not give significant 
differences in whiteness, but that the colour changes were greater due to the 
processing methods of PVC. 
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5.8 Dispersion of pigments 
5.8.1 Introduction 
Results and discussion 
In earlier sections, it was found that sample 1 produced the best results for the 
processing and properties of PVC. Therefore, in this section, the dispersion 
behaviour of the additives was studied. The additives play important roles in a 
compound. Different methods were used to analyse the dispersion of 
additives. All three different types of coated pigments in two different forms, 
(i.e. coated pigments itself and compression moulded plaques), were 
observed and compared. 
5.8.2 SEM analysis 
Figures 5.8a to 5.8c show the dispersion of additives in compression moulded 
PVC samples observed using SEM in a back-scattered mode. Well dispersed 
bright spots against a dark PVC background, were obtained. It was very 
possible that the spots were the particles produced from various types of 
additives. Sample 1 seemed to produce better dispersion than samples 2 and 
3. As SEM was unable to differentiate the Ti02 pigments particles from other 
additives present, the samples were further analysed by EDAX SEM. 
Figure 5.9 shows all the elements present in the samples up to the energy 
level of 10keV. Each element was identified by its own characteristic energies 
obtained and these are shown in Table 5.10. C and Cl atoms indicate the 
presence of organic particles, which has to be the PVC. Ca and Ti were 
present due to the addition of CaC03 and Ti02 particles, respectively. Other 
metal elements such as AI and Si as part of the inorganic coatings were also 
found. Same samples were also further observed with a higher magnification 
as shown in Figure 5.10. In this current PVC window profile formulation, a 
particle size of 1 IJm CaC03 filler and a particle size of O.211Jm Ti02 pigment, 
were used. Figures 5.11 a and 5.11 b identified the larger bright particles most 
likely to be the CaC03 particles while the smaller particles were most likely to 
be Ti02 particles. 
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Figure 5.8 Scanning electron micrograph on dispersion 
(a) Sample 1 (b) Sample 2 
bright spots 
(e) Sample 3 
Figure 5.9 Element analysis by EDAX SEM 
Intensity 
1 
Energy ( ke V ) in K. X-ray line 
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Table 5.10 Analysis of elements obtained from EDAX SEM 
Element found Energy Identification Role 
( keV) 
Chlorine (Cl) 2.48-2.85 PVC base polymer 
Carbon (C) 0.26 Carbon organic polymer 
Calcium (Ca) 3.75-4.05 CaC03 filler 
Titanium (Ti) 4.35-4.95 Ti02 pigment 
Oxygen (0) 0.49 CaC03 ,Ti02 filler, pigment 
Aluminium (AI) 1.50 AI20 3 inorganic coating 
Silicon (Si) 1.80 Si02 inorganic coating 
Figure 5.10 SEM on dispersion of additives at higher magnification 
small particle 
large particle 
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Figure 5.11a SEM element analysis on large particles 
Intensity 
1 
Cl 
c 
• Co 
Cl 
n T1 
Energy ( ke V ) in K series x-ray line • 
Figure 5.11 b SEM element analysis on small particles 
Intensity 
1 
Energy ( ke V ) in K series x-ray line 
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5.8.3 Optical microscopy (OM) 
Figures 5.12a to 5.12c show the dispersion of additives in the same 
compression moulded samples, observed by an optical microscopy under 
cross·polarised light. Well dispersed bright spots against a dark PVC 
background were obtained. It was observed that sample 1 produced better 
dispersion than samples 2 and 3. 
A PVC compound consists of various additives but only the Ti02 and CaC03 
are optically anisotropic crystals. These crystals have more than one 
refractive index (R.I) because the speed of light passing through the crystal 
varies with the path that the light travels. Therefore, these two types of 
crystals have two refractive' indexes and the particles appeared as bright 
spots against a dark field. The amount of brightness exhibited by the particles 
is called birefringence. It is proportional to the particle thickness and to the 
difference between two refractive indexes, which a crystal displays at a 
particular orientation. 
Figure 5.13 illustrates how the crystals at the optimum angle, with respect to 
both the polariser and analyser of the optical microscope, display a maximum 
birefringence at 45°. The axis of the polariser is denoted as P and the light 
vibration plane axis of the analyser, is denoted as A. These axes are 
perpendicular to each other and result in a total dark field when viewed 
through the eyepieces without the birefringent crystals. When the crystal is 
inserted at a certain angle, some of the light from the polariser has passed 
through the analyser and the birefringent crystal displays an intermediate 
degree of brightness. The maximum brightness for a birefringent material is 
shown when the long (optical) axis of the crystal'is oriented at a 45° angle to 
both the polariser and analyser. 
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Figure 5.12 Optical micrographs of compression moulded samples 
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Figure 5.13 Birefiregent crystal orientation in polarised light 
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Next the coated Ti02 pigments were dispersed in liquid paraffin and viewed 
using optical microscopy in a transmitted ligtlt mode. Figures 5.14a to 5.14c 
show that the coated pigments appeared as dark spots against a bright 
background. It can be clearly seen that sample 1 consisted of fine pigment 
particles dispersed over the sample surface. Sample 2 had large pigment 
agglomerations, whereas sample 3 dispersed reasonably well with some 
agglomerations. 
Figure 5.14 Optical micrographs dispersed in liquid paraffin 
(a) Sample 1 (b) Sample 2 
Ti02 pigment particles 
(c) Sample 3 
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5.8.4 Dispersion of pigments in water (visual inspection) 
The coated pigments were also examined for their dispersion behaviour in 
water. Figure 5.15 shows sample 1 where all pigments is seen floating on top 
of the water, while sample 2 mixed with the water; and sample 3 produced a 
combination of both. As liquid paraffin is non-polar, (having a low surface 
tension of 25.4 mN/m), while water is polar, (having a higher surface tension 
of 72.8 mN/m) [91], the coated pigments reacted differently from each of 
them. It has been studied and reported [92] that like forces interact with like, 
that is, non-polar forces interact with non-polar forces; polar forces interact 
with polar forces. Sample 1 dispersed well in non-polar liquid paraffin but it 
was hydrophobic towards polar water. Sample 2 dispersed poorly in non-polar 
liquid paraffin but the particles mixed well in polar water. Some polarity in 
sample 3 gave some good pigment dispersion in both liquid paraffin and 
water. Hence, sample 1 is characterised as hydrophobic, while sample 2 is 
hydrophilic, and sample 3 is amphipathic. 
Figure 5.15 Dispersion of coated pigments in water 
clear water 
S1 S2 
pigments 
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5.9 Contact angle method 
After distinguishing the type of coated pigments qualitatively, it was necessary 
to determine the differences quantitatively, thus contact angle measurement is 
used. Table 5.8 shows two types of contact angle obtained for all three 
different coated pigments. The contact angles measured from the pressed 
pigment samples, were corrected by using a closed packed model, (as 
explained in Chapter 4, section 4.15 and also in Appendix I). It was observed 
that the contact angles measured with DIM remained relatively constant 
whereas the contact angles measured with water varied significantly for each 
organic-coated pigment. Both samples 1 and 3 produced higher contact 
angles of water that were greater than 90°, hence, their surfaces are indicated 
to be hydrophobic. 
Next, three different types of surface energies, 'Ys, 'Yd and 'Yp were calculated 
from the corrected contact angles, using the Owens-Wendt's equation, (refer 
to equation 3.27). It was seen that all three coated pigments produced lower 
'Ys values than the inorganic coated pigment. The decrease in 'Ys value 
indicated the presence of the organic coating coated onto the Ti02 pigment 
surface. It was also observed that 'Yd remained reasonably constant, whereas 
'Yp showed great differences; hence, 'Yp was used as the significant 
component for surface coating studies. Inorganic coated pigment had a high 
'Yp value, which indicated that the surface was hydrophilic. When sample 1 
was coated onto the inorganic coated pigment, it was shown that the value of 
'Yp decreased significantly from 22 mJ/m2 down to 0.2 mJ/m2. When the point 
at which "(p is reduced to zero, it indicated that the surface is hydrophobic, (Le. 
that contact angle is greater than 0°). Hence, the coated surface of sample 1 
was hydrophobic. Sample 2 produced a high "(p value, which shows that the 
coated surface was more hydrophilic. Sample 3 had a low 'Yp value indicating 
that ttiere was some polarity on the coated surface hence the coated surface 
is amphipathic. 
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In conclusion, the addition of samples 1 and 3 modified the hydrophilic 
inorganic coated surface to a hydrophobic surface. Only the coated surface of 
sample 2 was still polar. 
Table 5.11 Average data from contact angle measurement 
Sample Testing Measured Corrected Surface energies, mJ/m" 
liquid contact angle,O 
angle,O Ys Yd YP 
Inorganic- Water 15 ± 1 61 ± 1 41.3±1.5 19.1 ±1.4 22.2 ±1.5 
coated DIM n±l n±l 
Sample 1 Water 126±4 109±3 22.2 ±1.8 22.0 ±1.8 0.2 ±O.l 
DIM 50±2 70 ±2 
Sample 2 Water 48±6 69±1 38.9 ±1.6 25.5 ±1.4 13.4 ±2.4 
DIM 42 ±4 68±1 
Sample 3 Water 102 ±1 93 ±1 28.5 ±1.9 25.4 ±O.9 3.1 ±1.7 
DIM 37±4 66±2 
5.9.1 Coating behaviour of organic coatings 
From the contact angle/surface energies results, the possible coating 
behaviour for each organic coating on Ti02 pigment is schematically 
illustrated in Figures 5.16a to 5.16c. 
The double coated sample 1 is thought to consist of two separate layers. As 
the surface of inorganic coated pigment is hydrophilic, the first layer 
encapsulating the inorganic coated Ti02 particle is made up of polar TMP 
coating molecules. Therefore the second layer or outermost layer, is thought 
to be made up of non-polar PO MS coating molecules. The POMS coating of 
the pigment makes its hydrophilic surface become hydrophobic. Hence, this 
hydrophobic layer prevents agglomeration of the particles, as well as to the 
polar PVC resin and other additives. This double coated pigment acts as a 
free flowing powder, which will benefit the pigment dispersibility. Sample 2 is 
only coated with TMP, therefore the coated surface simply has all the polar 
TMP molecules surrounding the pigment particle. Polar sample 2 Pigmlnt 
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particles can agglomerate with each other, whereas sample 3 (OPA) coatecJ 
the inorganic surface with some non-polar tails Orienting away from the polar 
sites. Hence, an incomplete coating coverage for sample 3 was suspectecJ. 
More coating levels on OPA were studied in Chapter 6. 
Figure 5.16a Schematic diagram of Sample 1 
Hydrophilic 
inorganic-coated 
pigment surface 
Non-polar PDMS 
PoIarTMP 
(i) One pigment particle 
Hydrophobic layers helps prevents agglomeration 
(ii) Many pigment particles 
Figure 5.16b Schematic diagram of Sample 2 
Hydrophilic 
Inorganic-coate 
pigment surface 
PolarTMP 
(i) One pigment particle 
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Polarisability between the pigments 
(ii) Many pigment particles 
Figure S.16c Schematic diagram of Sample 3 
Hydrophilic inorganic-coated 
pigment surface 
(i) One pigment particle 
polar 
site 
_1 _ L L _1_ L J ~ Uneven coverage is unable to 
produce complete hydrophobicity 
(ii) Cross-section of one pigment particle 
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5.10 Relationship between surface studies and processing of PVC 
As PVC is a heat sensitive polymer, it is very much affected by the type of 
processing method and processing conditions, (as discussed in section 5.2 to 
5.6). For processing, different types of additives play a major role in a PVC 
compound. The addition of different organic coating onto Ti02 pigment has 
proven to produce subtle differences in the processing and mechanical 
properties of rigid PVC. The micrographs obtained in section 5.8, have shown 
that a hydrophobic coating aids the dispersion of Ti02 pigment. In addition, 
there is a correlation between the dispersion behaviour of a coated Ti02 
pigment in liquids and the values of its polar surface energies. Figure 5.17 
summarises the overall relationship between the pigment dispersion and PVC 
processing. 
Figure 5.17 Parameters influencing the pigments in PVC 
Surface 
treatment I 
Surface 
Improved 
pigment 
energies dispersion 
I 
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Surface energy determined by the contact angle method is useful to monitor a 
treated surface of a solid powder. It has been shown that low polar surface 
energy (Yp) gives an indication for good Ti02 pigment dispersion. A coated 
surface with low surface energy, provides less work of adhesion [103,104]. 
This gives a better interfacial interaction that increases the dispersibility of the 
pigments in a polymer blend. The improvement in processability is shown 
from the results obtained from the fusion test and extrusion process. Thus, the 
relationship between polar surface energy and the fusion results was stUdied. 
Figure 5.18 shows the relationship between fusion time and YP for samples 1 
to 3. Non-polar sample 1 took the shortest time to fuse, while polar sample 2 
produced the longest fusion time and, amphipathic sample 3 fused at an 
intermediate time. Hence, hydrophobicity in sample 1 was shown to give the 
best improvement in pigment dispersion. A greater effect was observed from 
all the samples when a higher Ti02 loading was added to the PVC blend. 
Sample 2 was unable to give further improvement in processing at a higher 
Ti~ loading. It is concluded that sample 1 showed the best dispersibility and 
processability in the torque rheometer. 
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Polar surface energy, Fusion time, seconds 
Sample No. 
'Yp(mJ/m2) 4phrTiOz 10phrTiOz 
1 0.2 iO.1 152 :1:3 148t7 
2 13.4 t2.4 160 :1:3 188±9 
3 3.1 ±1.7 154 :1:3 148±9 
A similar comparison could be made from the results in the extrusion process. 
Figure 5.19 show a plot of samples 1 to 3 as a function of degree of fusion 
and YP. It was observed that hydrophobic sample 1 produced a higher degree 
of fusion, while hydrophilic sample 2 and amphiphatic sample 3, produced 
lower degrees of fusion. Hydrophobicity in sample 1 improved the pigment 
dispersion and hence it produced better processability with respect to the 
extrusion process. 
Figure 5.19 'Y p vs % fusion 
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Polar surface energy, % Fusion 
Sample 
'Yp(mJ/m') 4phr TiO, 10phr TiO, No. 
1 0.2 %0.1 89±2 91±3 
2 13.4 ±2.4 86±2 84:t3 
3 3.1 :t1.7 86±3 84%4 
Note: Samples were extruded at 40rpm 
5.11 Conclusion 
It has been reported in this chapter has reported that the effects of three 
different organic coating types on the dispersion behaviour of Ti02 pigment 
and their resulting processing behaviour and properties of rigid PVC. It is 
concluded that all three organic coatings produced small but statistically 
significant differences in their dispersion behaviours, fusion times, fusion 
levels and impact strengths. The trends were also seen with different 
processing methods and Ti02 pigment loading levels. 
Sample 1 (TMP + PDMS) was found to be hydrophobic from the contact angle 
test. Sample 2 (TMP) was hydrophilic and, sample 3 (OPA) was amphiphatic. 
Good correlation was shown between the surface energies and the dispersion 
behaviour of coated pigments in both water and liquid paraffin. Hydrophobic 
sample 1 gave the best pigment dispersion, and thus it produced the fastest 
fUSion" rate, highest fusion level, and highest impact strength. Hydrophilic 
sample 2 did not give potential improvement, whereas sample 3 produced 
comparative results to sample 1. 
In conclusion, sample 1 appears as the best organic coating for Ti02 pigment. 
The improved pigment dispersibility aids the processing and properties of rigid 
PVC. 
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CHAPTER 6 STUDIES ON NEW ORGANIC COA TINGS 
6.1 Introduction I 
This chapter covers four main areas of discussion. The first part is a further 
study on OPA. In addition, two other novel organic coatings were developed. 
A range of various coating levels was applied to the Ti02 pigment. The second 
part is a study of dispersion behaviour for each organic coating at various 
coated levels. The third part is an investigation of the optimum coating level of 
OPA and the other two novel coatings. The adsorption and surface coverage 
of the optimised coated pigments were also studied. The fourth part reports a 
study of the processing behaviours on the optimised coated pigments. 
6.2 Selection of novel coatings 
Alumina was used as the outermost coating for the Ti02 pigment. Its surface is 
readily hydrophilic because there are at least three hydroxyl (OH) groups. 
Therefore, the coated surface is very reactive to moisture. The OH groups 
form strong hydrogen bonds with moisture. In order to reduce wetting, a 
surface-active additive was necessary. In Chapter 5, with TMP alone, the 
hydrophilic surface was not modified. The addition of PDMS made the surface 
hydrophobic. However, double coating also means there was an additional 
variation in the results and an additional economical factor. OPA was found to 
be amphiphatic. Incomplete surface coating coverage was suspected and 
hence a further investigation into the optimum coating level was conducted. 
Figure 6.1 illustrates why OPA appears to be a potential organic coating for 
the pigment. OPA consists of both polar and non-polar molecules. The polar 
end of OPA reacts with the hydrophilic pigment while the non-polar end of 
OPA does not interact with PVC (i.e. PVC is somewhat polar [116,117]). 
Therefore, OPA-coated pigment can disperse well and provide good 
dispersibility and processability to the PVC blends. 
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Figure 6.1 Action mechanism of OPA with PVC 
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In chapter 5, it was observed that a hydrophobic coating gave a good surface 
coating. Hence, only organic compounds with hydrophobic character are 
considered in this chapter. In surface coating applications, the most widely 
used additives to modify a hydrophilic pigment surface are the organo-silicon 
compounds, (as discussed in section 3.6.2 in Chapter 3). The final reaction 
with the inorganic coated pigment will depend on the type of functional side 
groups. Preferably a linear functional group can be selected to provide tighter 
packing, which allows for a more complete reaction to form a monolayer. 
Huntsman Pigments suggested a siloxane compound - methyl hydrogen 
siloxane (MHS). MHS mainly consists of silicon and methyl groups in the 
polymer backbone. The author also proposed an alkyl si lane - n-oetyl 
triethoxysilane (CS-TEOS). CS-TEOS has three identical ethoxyl silane 
groups, which will form good bonding to a pigment surface, and increase the 
chances of surface reaction. The technical data for both organic compounds 
are shown in Table 6.1. 
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Table 6.1 Technical data of novel coatings [ 118,119 1 
I Novel organic compound Supplier Description! properties 
Methyl hydrogen siloxane (MHS) Melting point > 150 cC 
CH3 CH3 CH3 Flash point -113 cC I I I BRB 
CH3-Si-O-[-Si-O] n-Si- CH3 International Molecular weight 
bH3 ~ JH3 B.V. - 2100 Density = 0.88 glcm3 
N-Octyl triethoxysilane BOiling point - 98 cC 
(CB-TEOS) 
Flash point - 100 cC 
rCH2CH3 Acros 
Organic Molecular weight -276 
CH3(CH2h-Si-OCH2CH3 Density = 1.0 glcm3 
I 
OCH2CH3 Concentration = 97% 
6.3 Various coating levels for novel coatings 
A range of coating levels was formulated and made for each organic coating. 
The levels for each novel coating are given as follows: 
OPA ( in weight %) : 0.3, 0.5, 0.8, 1.2, 1.62, 2.0 
MHS ( in weight %) : 0.3, 0.5, 0.8, 1.5 
C8-TEOS ( in weight %) : 0.2, 0.5, 0.8, 1.2 
Tables 6.2a to 6.2c show all the weights calculated for each coating level. A 
similar coating method, pan palletising, was used to coat these organic 
compounds onto the inorganic coated R-TC30. After coating, the dried 
pigments were micronised, (refer to section 4.3 in Chapter 4). This work was 
carried out in Huntsman Pigments. 
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6.3.1 Coating levels of OPA 
Table 6.2a Calculation on OPA 
Coating level, weight% Weight, g 
0.3 7.5 
0.5 12.5 
0.8 20.0 
1.2 30.0 
1.62 40.5 
2.0 50.0 
[ Sample calculation 1 : OPA is provided as a 80% concentration 
0.3 
Based on 80% concentration: 0.3wt% = ------------ x 2000 g of Ti02 
100 
= 6.0 9 
6.0 
Weight required for 100% concentration = -----------
0.8 
= 7.59 
6.3.2 Coating levels of MHS 
Table 6.2b Calculation on MHS 
Coating level, wt% Weight, g 
0.2 6.0 
0.5 10.0 
0.8 16.0 
1.5 30.0 
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[ Sample calculation 1: MHS is provided as a 100% concentration 
0.3 
0.3wt% = ------------ x 2000 g of Ti02 
100 
= 6.09 
6.3.3 Coating levels of CS-TEOS 
Table 6.2c Calculation on CB-TEOS 
Coating level, wt% Weight, g 
0.2 4.12 
0.5 10.31 
O.B 16.49 
1.5 24.74 
[ Sample calculation 1 : CB-TEOS is provided as a 97% concentration 
0.2 
Based on 97% concentration: 0.2wt% = ------------ x 2000 g of Ti02 
100 
= 4.0 9 
4.0 
Weight required for 100% concentration = -----------
0.97 
= 4.12g 
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6.4 Dispersion tests 
6.4.1 Dispersion of pigments viewed by SEM 
Figures 6.2a to 6.2c clearly show the changes of the dispersion behaviour of 
the three different coated pigments at different coating levels, using SEM with 
a back·scattered mode. It was observed that low levels of OPA, (0.3 weight % 
and 0.5 weight %), produced pigment agglomeration. The pigment particles 
started to disperse at 0.8 weight % level. Good pigment dispersion was only 
achieved beyond 1.62 weight %. Low levels of MHS and C8-TEOS also 
produced pigment agglomerations. Beyond 0.8 weight %, the pigments were 
well dispersed. The conclusion drawn from the dispersion behaviour was that 
higher the level of organic coating applied, the better is the pigment 
dispersion. 
6.4.2 Dispersion of pigments in liquid paraffin 
The changes in the dispersion behaviour of each different coated pigment in 
liquid paraffin, were examined under an optical microscope. The Ti02 pigment 
particles appeared as black particles, as shown in Figures 6.3a to 6.3c. 
Pigment agglomerations were clearly reduced at higher organic coating levels. 
The pigments dispersed well in non-polar liquid paraffin when their coated 
surfaces were hydrophobic. It was shown that a coating level of 0.8 weight % 
produced good pigment dispersion. Both MHS and C8-TEOS seemed to 
produce better dispersion than OPA at coating levels of 0.8 weight % and 
above. 
6.4.3 Dispersion of pigments in water 
The changes of the dispersion behaviour of coated Ti02 samples in water, are 
shown in Figures 6.4a to 6.4c. It was observed that all three types of pigments 
changed from hydrophilic behaviour to hydrophobic behaviour, with increasing 
organic coating levels. At low levels, the coated pigments mixed with water. At 
higher coatings levels, the coated pigments floated on top of the water. Thus, 
hydrophobicity occurs when the pigments were fully coated by sufficient 
amounts of organic coating. 
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Figure 6.2a SEM micrographs of OPA 
0.3 wt % OPA 0.5wt%OPA 
0.8wt%OPA 1.2wt%OPA 
1.62wt%OPA 2.0wt%OPA 
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Figure 6.2b SEM micrographs of MHS 
O.3wt% MHS O.5wt% MHS 
O.8wt%MHS 1.5wt% MHS 
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Figure 6.2c SEM micrographs of C8-TEOS 
0.2 wt % CS-TEOS 0.5 wt % CS-TEOS 
O.S wt % CS-TEOS 1.2 wt % CS-TEOS 
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Figure 6.3a Optical micrographs of OPA dispersed in liquid paraffin 
0.3wt%OPA 0.5wt%OPA 
0.8 wt % OPA 1.2wt%OPA 
1.62wt%OPA 2.0wt%OPA 
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Figure 6.3b Optical micrographs of MHS dispersed in liquid paraffin 
O.3wt% MHS O.5wt% MHS 
O.8wt%MHS 1.5wt% MHS 
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Figure 6.3c Optical micrographs of C8-TEOS dispersed in liquid paraffin 
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Figure 6.4a Dispersion of OPA coated Ti02 pigments in water 
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0.3wt% 0.5 wt % 0.8wt% 1.2 wt % 1.62wt % 2.0 wt % 
Figure 6.4b Dispersion of MHS coated Ti02 pigments in water 
o !'""77 
0.3wt% 0.5 wt % 0.8 wt % 1.5wt% 
Figure 6,4c Dispersion of CS-TEOS coated Ti02 pigments in water 
o o 
0.2 wt % O.5wt% 0.8wt% 1.2wt% 
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6.4.4 Conclusion 
The overall conclusion drawn from the dispersion tests, was that the coated 
pigments produced good dispersion when the pigment surface I was 
hydrophobic. Good dispersion for each organic coating was observed to start 
from a coating level of 0.8 weight %; this may indicate as the optimum coating 
level for the organic coating. Further studies on optimum coating levels were 
carried out and reported in section 6.5. 
6.5 Studies on complete coating coverage 
The overall pigment performance was influenced by three important factors: 
(a) surface area of pigment (BET method); 
(b) optimum coating level (contact angle method); 
(c) surface chemistry on coated surfaces (SSNMR). 
6.5.1 Specific surface area ( SSA ) 
Surface area has been used as an important parameter in additives for 
compounds. Hence, the BET method was selected to find the specific surface 
area (SSA) values for the coated pigments, because the value appeared to be 
measuring both the internal and external surfaces. The single point surface 
area of each pigrmmt sample was obtained anhe relative pressure of 0.30; 
refer to the sample BET report in Appendix V. Table 6.3 tabulates all the SSA 
values for the uncoated pigments, inorganic coated pigments, as well as 
different organic coated pigments with increasing coating levels. It can be 
seen that the uncoated Ti02 pigment had a low surface area of 7.5 m2/g. The 
theoretical specific surface area was calculated to be approximately 7.1 m2/g, 
(refer to the calculation in Appendix VI). When two i~organic coatings, (Le. 
3.6% Ab03 + 1.4% Si02), were added to the uncoated pigment, the surface 
area was greatly increased to 11.5 m2/g. 
There were insignificant changes in the specific surface area when an organic 
coating was coated onto the inorganic coated pigment. Moreover, 
irregularities in the SSA results were seen for each set of organic coating. 
This was due to different saturation pressures measured during the BET 
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method, (refer to section 4.16). CS-TEOS seemed to produce higher surface 
areas than OPA and MHS. Overall, there is no significant difference between 
the three diffe,rent types of organic compounds. The average SSA value for 
each organic compound is approximately 11.3 m2/g. It is concluded that the 
inorganic coated pigments were coated with organic compounds in such small 
amounts that the pigments were unable to produce drastic differences in the 
surface area. The SSA obtained for the organic coated pigments was found to 
agree with Urwin's findings [96]. This is due to the porous nature of pigment 
coatings. The surface area would show a small decrease if the organic 
coating had completely encapsulated the pigment in an impervious shell. This 
indicates that the organic coating was adsorbed on the pigment surface. 
Table 6.3 BET SSA results 
Sample SSA in m'/g 
Uncoated pigment 7.5 
Inorganic-coated pigment 11.5 
0.3 weight% OPA 10.4 
0.5 weight% OPA 10.5 
O.B weight% OPA 9.5 
1.2 weight% OPA 11.3 
1.62 weight% OPA . 11.3 
2.0 weight% OPA 11.B 
Average 10.8 :1:0.8 
0.3 weight% MHS 11.B 
0.5 weight% MHS 11.0 
O.B weight% MHS 10.9 
1.5 weight% MHS 11.1 
Average 11.2:1:0.4 
0.2 weight% CB-rEOS 11.3 
0.5 weight% CB-rEOS 11.2 
O.B weight% CB-rEOS 12.1 
1.2 weight% CB-rEOS 12.4 
Average 11.8 :1:0.6 
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6.5.2 Optimum coating levels 
6.5.2.1 Introduction 
Results and discussion 
The optimum coating level can be estimated using surface area of coated . 
Ti02 pigment, the coated thickness and, density of an organic coating. In 
general, the coated molecules would have adsorbed onto the surface in 
different geometric arrangements and made the calculation for the surface 
coverage difficult. Therefore, the actual optimum coating levels were 
determined by using the contact angle method. 
6.5.2.2 Theoretical optimum coating levels 
As a thumb of rule, the thickness of each organic coating can be estimated by 
using the number of carbon atoms available. This has been studied and 
reported [89] that the hydrophilic groups of the organic compound are 
normally attached to the surface while the hydrophobic groups orient away 
from the surface and stay on as the outermost layer. The coating arrangement 
is assumed to have an ideal situation for each coating. Each thickness is 
made up of only one monolayer. 
In order to calculate the thickness, it is necessary to find out the length of one 
polymer chain. A polymer chain consists of carbon-carbon bonds. The angle 
of the bond is 109.5". Using that angle and the bond length of 0.154 nm, the 
length of one polymer chain has been calculated to be 0.126 nm, (refer to 
Appendix VII). Table 5.4 shows that the thickness of one monolayer for each 
organiC coating was approximately 1 nm. This is because each organic 
coating has similar amounts of hydrocarbon groups available. Further studies 
on the chemistry of the inorganic coated pigments are discussed in section 
6.5.3. 
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Table 6.4 Calculation of the thickness of a coating monolayer 
Organic Hydrocarbon No. of 
coating , group carbons 
OPA CH3(CH217 8 
MHS CH3 7 
CS-TEOS CH3(CH217 8 
[ Sample calculation] : 
OPA = no. of carbons x length of polymer chain> 
= 8xO.126nm 
= 1.01 nm 
> Refer to the calculation of a polymer chain in Appendix VII. 
Thickness, 
nm 
1.01 
0.88 
1.01 
With surface area results, (from section 6.5.1), using estimated thickness 
given in Table 6.4 and density of each organic compound from technical data, 
the optimum coating levels of the organic compounds were calculated. Table 
6.5 shows that each organic compound required a coating level of 1.0 weight 
% to obtain a complete coverage. This has been agreed by several workers 
[74,82]. It also has been reported that half of the optimum coating level could 
produce a good surface coverage. 
These results were found to correlate with the dispersion tests in both liquid 
paraffin and water. The coated pigments began to disperse well at a coating 
level of 0.8 weight %. However, OPA seemed to require a much higher 
coating level to achieve the optimum coverage. Thus further studies on the 
various coated pigments were carried out using a contact angle method. 
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Table 6.5 Calculation on optimum coating levels 
Organic Surface Thickness Volume Density 
coating area, m2/g nm m3 g/cm3 
OPA 10.8 1.01 1.08xl0'" 1.0 
MHS 11.2 0.88 1.12xl0'" 1.0 
CB-TEOS 11.8 1.01 1.18xl0·· 0.88 
[ Sample calculation on OPA 1 : 
Volume = average surface area x thickness estimated 
= 10.8 m2/g x 1.0 x 10·g m2 
= 1.08 x 10.8 m3 
Mass = density of coating x volume calculated 
= 1.0 g/cm3 x 1.08 x 10.8 m3 
= 1000 kg/m3 x 1.08 x 10.8 m3 
= 1.08 x 10.5 kg 
= 0.011 g 
Weight% needed = 0.011 x 100% 
= 1.1% 
6.5.2.3 Experimental optimum coating levels 
Mass 
g 
0.011 
0.012 
0.010 
Required 
wt% 
1.1 
1.2 
1.0 
The optimum coating levels of the organic coatings need to be determined 
experimentally [70]. The contact angle method has been used, as described in 
section 5.9 in Chapter 5. Similarly in this study both measured and corrected 
contact angles were obtained. Three different surface energies were also 
compared. The contact angles of the pressed pigment samples, were 
corrected by using a closed packed model, (as explained in Chapter 4, section 
4.15 and Appendix I). All the corrected contact angles and surface energies 
obtained are shown in Table 6.6. 
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Table 6.6 Average contact angle data for coatings at different levels 
Sample Testing Measured Corrected Surface Energies, mJ/trf 
Liquid Angle, • Angle, • 
, 15 1d 1p 
Owt% Water 15 :t 1 61 :t 1 41.3 :tl.5 19.1 :tl.4 22.2 :tl.5 
DIM 60:t 5 73:t 3 
OPA 
Water 52:t 4 71 :t 2 35.5 :to.8 21.8 :to.7 13.6 :tl.3 
0.3wt% DIM 56:t 4 71 :t 1 
Water 68 :t3 77:t 1 32.0 :to.4 21.5 :to.4 10.5 :to.8 
0.5wt% DIM 58:t 2 73:t 1 
Water 99:t 1 92:t 1 26.6 :to.3 23.9 :to.2 2.7 :to.l 
0.8wt% DIM 44:t 1 68:t 1 
Water 102:tl 93:t 1 27.4 :tl.0 25.1 :to.2 2.3 :to.l 
1.2wt% DIM 37:t 4 66:t 1 
Water 119:tl 105:t 1 23.4 :to.l 23.0 :to.2 0.5 :to.2 
1.62 wt% DIM 50:t 1 70:t 1 
Water 141 :t 3 119:t4 23.3 :to.4 22.9 :to.3 0.2 :to.2 
2.0wt% DIM 50:t 1 70:t 1 
MHS 
0.3 wt% Water 36:t 2 65:t 1 37.7 :to.g 18.0 :to.5 19.7 :tl.l 
DIM 74:t 1 79:t 1 
0.5wt% Water 69 :t2 77:t 1 34.3 :to.7 25.6 :to.2 8.7 :to.6 
DIM 37 :t2 65:t 1 
0.8w1% Water 131 :t 3 114:tl 23.0 :to.3 22.9 :to.4 0.1 :to.l 
DIM 49:t 3 70:t 1 
1.5 wt% Water 138 :t 4 116:t2 22.9 :to.3 22.8 :to.4 0.1 :to.3 
DIM 105:t 1 69:t 1 
C8-TEOS 
0.2 wt% Water 56 :t4 72:t 2 36.6 :tl.6 24.4 :to.6 12.1 :tl.0 
DIM 42:t 5 67 :t2 
0.5wt% Water 56:t 3 72:t 2 35.6 :t2.0 23.2 :to.l 12.4 :to.3 
DIM 47:t 5 70:t 2 
O.8w1% Water 106:t 3 97:t 2 27.3 :to.6 25.9 :to.3 1.4 :to.4 
DIM 30:t 1 65:t 1 
1.2wt% Water 124:t 4 107:t 3 24.8 :to.3 24.1 :tl.0 0.7 :to.l 
DIM 43:t 1 67:t 1 
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It was observed that the contact angles measured with DIM remain relatively 
constant whereas the contact angles measured with water vary largely for 
each organic compound. Thus, contact angles measured with water were 
plotted as a function of the coating level in Figures 6.5a to 6.5c. It was 
demonstrated that all three different types of organic coating started to reduce 
wetting, (Le. contact angles were greater than 90°), approximately at a coating 
level of 0.6 weight %. It has been studied and reported in section 6.4.2 that 
the coated pigments started to disperse well in non-polar liquid paraffin at a 
coating level of 0.8 weight %. This indicated that the coated pigment surface 
had become hydrophobic at that level. 
However, it is seen that the contact angles measurements were inconsistent. 
Each standard deviation is shown to be ranging from 1 ° up to 5°. By 
measuring the contact angles, the surface of the coated pigments can be 
distinguished. As discussed in Chapter 4, it had clearly distinguished that 
sample 1 (TMP+PDMS) was hydrophobic and sample 2 (TMP) was 
hydrophilic. For sample 3 (OPA), it was thought to be a hydrophobic surface 
before the surface energies determined that it had an amphipathic behaviour. 
Therefore, surface energies were identified as a better parameter for surface 
coating. 
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Figure 6.5a Water contact angle vs wt% OPA 
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Figure 6.5b Water contact angle vs wt% MHS 
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Figure 6.5c Water contact angle vs wt% C8-TEOS 
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As shown in Table 6.6, all three different types of novel coatings produced a 
similar trend. Their total surface energies, 'Ys decreased when their respective 
lorganic coating was coated onto the inorganic coated pigment surface. The 
value of 'Ys was found to decrease significantly with increasing organic coating 
level. In addition, it was observed that each organic compound produced 
relatively constant dispersive surface energies, 'Yd (between 22 mJ/m2 and 27 
mJ/m2) whereas the polar surface energies, 'Yp reduced significantly with 
increasing coating level. Thus, 'Yp as a function of coating level for each 
organic compound was plotted in Figures 6.6a to 6.6c. As discussed earlier in 
Chapter 5, when the value of 'Yp was reduced to zero, the surface had become 
hydrophobic with these coatings. In this study, a coating level of 0.8 weight % 
is able to produce reasonable coverage for a pigment surface. However, it 
was found out that the OPA coated pigments only reached zero polarity at a 
higher coating level of 1.62 weight %, whereas both MHS coated and CS-
TEOS coated pigments each reached zero polarity at a coating level of O.S 
weight %. Hence, the optimum coating level obtained for OPA is 1.6 weight %, 
and that for both MHS and CS-TEOS is O.S weight %. 
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Figure 6.6a YP vs wt% OPA 
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6.5.3 Surface chemistry on the coated pigment 
6.5.3.1 Solid-state NMR (SSNMR) 
Results and discussion 
It was determined, (see section 6.5.2), that the optimum coating level of OPA 
I . 
was 1.6 weight % and that for both MHS and CS-TEOS level was O.S weight 
%. For each coated surface, it was concluded that there was complete surface 
coverage. Thus only these samples were tested using SSNMR. This was 
used to find how each of the coating was adsorbed on the pigment's surface 
for the optimum coverage. The experimental details are described in Chapter 
4, section 4.17. The CP/MAS NMR spectrum obtained for each coated 
pigment is shown i!1 Figures 6.7a to 6.7c. 
Figure 6.7a shows the 31p NMR spectrum of OPA. Two distinct peak signals 
were obtained. The first peak region was between + 12 to +16 ppm, which 
indicated that the phosphorus atom was attached to the alkyl groups. The 
second peak at -14ppm represented the inorganic phosphorus element in the 
base polymer. 
Figure 6.7b shows the 29Si NMR spectrum of MHS. There were three peak 
signals ranging from -25 ppm to -120 ppm. The first sharp peak at -36 ppm 
indicated that there was some strong bonding in the silicon backbone. It was 
present due to the formation of silanol (Si-OH) bonds. The second peak was 
found between the regions of -40 ppm to -70 ppm. This peak consisted of two 
main signals that were located specifically at -55 ppm and -65 ppm. This peak 
was found to be the dominant signal. According to the notation used in silicon 
chemistry, (as shown in Figure 4.7), the second peak represented the T3 and 
T 4 type silicon centres. They indicate that the silicon (Si) atom was attached 
to the methyl (CH3) groups. The third peak was found between the regions of -
70 ppm to -120 ppm and this peak consisted of two main peak signals; they 
represented the 0 silicate species. The signal at -7Sppm represents the 
silicate ion, (01 species). The signal at -96ppm represented the 0 3 species, 
Si(OSih(OH). In conclusion, the T species were shown to be more prominent 
than the 0 species. Thus, it was concluded that MHS was strongly adsorbed 
on the pigment surface mainly by the Si-CH3 bonds. 
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Figure 6.7a CP/MAS NMR spectra of OPA e1p) 
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Figure 6.7b CP/MAS NMR spectra of MHS e9Si) 
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Figure 6.7c CP/MAS NMR spectra of C8-TEOS e9Si) 
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It was observed that the 29Si NMR spectrum of C8-TEOS shown, in Figure 
6.7c, was quite similar to that of MHS shown in Figure 6.7b. However, the 
spectrum only consisted of two main peaks\with different intensities. The first 
peak shows a weaker signal and it was observed between the regions of -40 
to -70ppm. This peak represented both T3 and T4 silicate species. Thus, 
these species indicate that there was a bridged network within the siloxane 
compound. The second peak was much stronger and it was located between 
the regions of -70 to -120 ppm; this represented the 0 silicate species. The 
bands in this peak indicated that there were more O2 and 03 species than the 
0 1 species. It was concluded from the presence of 0 species, that both Si-OH 
and OCH2CH3 bonds were hydrolysed. The overall dominating element was 
observed to be the 0 species. About two to three functional groups were 
predicted to be involved in adsorption of C8-TEOS onto the pigment surface. 
6.5.3.2 Coating arrangements 
It is reported [15] that alumina as the outermost inorganic oxide layer, would 
provide one or two attachments for the adsorption. From all the NMR spectra 
obtained and shown in section 6.5.3.1, the possible structure of each organic 
compound coated onto the pigment surface, are illustrated schematically in 
Figures 6.8a to 6.8c. As shown in Figures 6.8a, OPA was attached vertically 
with the hydrocarbons orientating away from the inorganic coated surface. As 
the inorganic coated surface was hydrophilic, a layer of moisture would be 
adsorbed on the Ti02 particles, adding to the thickness of the coated surface. 
The polar moisture molecules were able to penetrate into the Ti02 surface and 
cause disordering effects; as a result an amphipathic behaviour occurred. 
Furthermore the OH groups from the inorganic-coated surfaces, were no 
doubt oriented towards the adsorbed moisture and formed strong hydrogen 
bonds with two OH groups from OPA. Other than hydrogen bonds, the 
interface was also made up of London dispersion forces, which were 
contributed by the hydrocarbon groups [CH3(CH2h] from the OPA. 
Subsequently, OPA will become hydrophobic when more dispersive forces 
dominate over the amphipathic surface area. 
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It is seen in Figure 6.8b, MHS was strongly adsorbed onto the coated pigment 
surface. The CH3 groups attached to the Si atom were not able to oscillate 
independently over the inorganic coated surface, thus the molecules of MHS 
were lying as a flat and tight structure. -SiH was very reactive and it 
condensed readily with Si-OH groups to form stable Si-O-Si bonds. MHS was 
extremely hydrophobic, as the interfacial bonding was found consist mainly of 
dispersive forces. However, MHS was still able to provide sufficient adhesion 
of the coating molecules to the inorganic surface. 
It is shown from Figure 6.8c, that C8-TEOS was attached vertically with the 
hydrocarbons orientating away from the inorganic coated surface. As 
discussed earlier for OPA, water molecules tend to be adsorbed on the 
hydrophilic inorganic coated surface to give additional thickness and reactive 
sites. In the presence of water, the si lane molecules could react with 
themselves and form Si-O-Si bonds with the adjacent silane molecules. 
Hence, the coating molecules will have expanded to a more complex three 
dimensional surface structure and cover the surface area more efficiently. 
This expansion is illustrated in red in the diagram. Besides that, C8-TEOS 
contained trifunctional OCH2CH3 end groups, which will have likely to provide 
a greater number of interfacial reactions with the hydrophilic inorganic coated 
surface. 
In conclusion, all three different organic coatings were adsorbed on the 
inorganic coated pigment surface, but uniquely from each other. OPA simply 
produced hydrogen bonding between the OH groups. Both MHS and C8-
TEOS may have become very complex in their interactions depending on the 
availability of moisture. It has been studied and reported [76], that a specific 
amount of moisture can be added deliberately to the organo-silicon 
compounds, for a certain amount of reaction to occur. 
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Figure 6.8a Reaction of OPA on inorganic coated Ti02 surface 
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Figure 6.8b Reaction of MHS on inorganic coated Ti02 surface 
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Figure 6.8c Reaction of C8-TEOS on inorganic coated Ti02 surface 
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6.6 Relationship between the optimum coating levels and complete 
surface coverage 
Only a sufficient level of coating is needed to produce an optimum coating 
efficiency for Ti02 pigment particles. Full coverage may not be essential. It 
has been shown that all three types of organic coatings initially produced 
hydrophobicity approximately at a coating level of approximately 0.6 weight %. 
Complete coverage was found to occur at a coating level of O.B weight % for 
both MHS coated and CB-TEOS coated pigments. OPA required twice as 
much as the other two coatings. Therefore it has been concluded that the 
surface properties of Ti02 began to change well before complete surface 
coverage had been reached. It has been shown in Table 6.7, that the total 
surface energy at its optimum level is equal to the dispersive surface energy 
at its optimum level (Le 'Yp = 0). At this pOint, it is believed that the pigment 
surface had almost 100% surface coverage by each coating [100). These 
results correlated very well with the polar surface energies obtained, see 
section 6.5.2. The values at the optimum levels were very close to zero with 
the standard deviations ranging from 0.1 mJ/m2 up to 0.4 mJ/m2 . The fact that 
the polar surface energies did not reduce completely to be zero could be due 
to the su.rface heterogeneity. The pressed discs may not have been very flat 
no matter how well the pigment samples were made. In addition, dusts from 
the pressing tool, and the environment, may also have contaminated the clean 
surface and affected the flatness of the pressed discs. 
Figure 6.7 Comparison between 'Ys and 'Y d 
Organic 'Ys at optimum 'Yd at optimum 
coating level level 
OPA 23 23 
MHS 23 23 
CB-TEOS 27 26 
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6.7 Fusion test on optimised coated samples 
Only samples with optimum coating levels, (1.62 weight % OPA, O.S weight % 
MHS and O.S weight % C8-TEOS), were studied for the respective fusion 
times. The same processing conditions were used for each PVC compound. 
Three closest runs were plotted as fusion curves as shown in Appendix VIII. 
Only the average fusion curves are shown in Figure 6.9. Typical fusion curves 
with relevant features were obtained, (as explained in section 5.3 in Chapter 
5). 
It was observed that only C8-TEOS produced a slight higher equilibrium 
torque than the inorganic coated pigment. All three types of novel coatings 
produced lower fusion times than the inorganic coated sample. This indicated 
that all were capable of improving the mixing of PVC compounds. From the 
graph, it can be seen that MHS fused the fastest, OPA fused the slowest and 
CS-TEOS produced an intermediate fusion time. In conclusion, organo-silicon 
compounds used (Le. MHS and C8-TEOS) appeared to be better organic 
coatings for the processing of rigid PVC. 
Figure 6.9 Average fusion curves for novel organic coatings 
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Sample Fusion time Equilibrium torque 
(seconds) (Nm) 
Inorganic-coated 190 ±3 14.0 ±D.2 
OPA 182 ±3 12.9 ±D.2 
MHS 158 ±3 12.5 ±D.3 
C8-TEOS 176 ±3 15.3 ±D.1 
6.8 Overall comparison between the three novel organic coatings 
OPA is a phosphonic acid. OPA has commercialised as an organic coating to 
improve the processing and properties of LOPE. From the dispersion studies, 
OPA coated pigment started to disperse well at a coating level of 0.8 weight 
%. From the contact angle measurements, the coated surface was found to 
be highly hydrophobic at coating levels of 1.6 weight % and above. From the 
surface coverage studies, OPA required a higher amount of coating for 
complete surface coverage (Le. 0.8 weight % and above). From the fusion 
test, OPA fused the slowest. The OPA molecules were adsorbed onto the 
piQment's surface by the formation of hydrogen bonding as shown in Figure 
6.8a. 
MHS is an organo-silicon compound. MHS is inexpensive and commercially 
available. From the dispersion studies, MHS coated pigment also started to 
disperse well at coating levels of 0.8 weight % and above. From the contact 
angle measurements, the coated surface was found to be hydrophobic from a 
coating level of 0.6 weight %. From the surface coverage studies, MHS only 
required a small amount of coating, at 0.8 weight %, to produce complete 
surface coverage. From the fusion test, MHS fused the fastest. It has been 
shown that MHS was adsorbed onto the inorganic coated pigment surface, as 
a condensed layer. The adsorption of MHS can be further improved by 
reacting it with metal catalysts such as tin, copper and zinc; the -Si-H groups 
in this siloxane compound will then react with the surface OH groups to form 
hydrogen bonds [73,76). 
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CS-TEOS is also an organo-silicon compound. It produced comparable results 
to MHS but costs more. The coating was adsorbed onto the pigment surface 
via the formation of hydrogen bonds. The adjacent siloxane bonds expanded 
to give a bigger network that covered the pigment more efficiently. 
Based on the above comparison, MHS appears to be the best coating among 
the three types of organic compounds for the Ti02 pigment. 
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CHAPTER 7 CONCLUSIONS AND FURTHER WORKS 
The initial objective of this project was to investigate three different types of 
organic compounds applied onto Ti02 pigments, and to determine how each 
of them affects the processing and properties of rigid PVC. The findings 
showed there is a subtle difference between these three types of organic 
compounds. Their comparison is as follows: 
7.1 Initial studies on three organic-coated pigments 
Type of samples: 
Sample 1 - 0.2% trimethylol propane (TMP) + 0.5% poly(dimethyl siloxane) [PDMS] 
Sample 2 - 0.3% TMP 
Sample 3 - 0.8% n-octyl-phosphonic acid (OPA) 
7.1.1 Corn parison of the type of organic coati ng 
(a) Micronising 
Each coated pigment was subjected to micronising. Under the same 
micronising conditions, sample 1 produced the highest feed rate and the 
highest output efficiency, whereas samples 2 and 3 both had similar results. It 
is concluded that sample 1 coated with two types of coatings, improved the 
pigment dispersion more effectively than the other two coatings. 
(b) Dispersion of organic coated pigments in liquids 
The coated pigments were dispersed in two media: non-polar liquid paraffin 
and polar water. It was observed that sample 1 dispersed well in liquid paraffin 
but all the pigment floated on top of the water. Sample 2 dispersed poorly in 
liquid paraffin but the pigments particles mixed with the water. Sample 3 gave 
reasonable pigment dispersion in both media. Hence, it is concluded that 
sample 1 is hydrophobic, sample 2 is hydrophilic, and sample 3 is 
amphiphatic. 
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(c) Dispersion of organic-coated pigments in processed PVC 
EDAX SEM was used to examine the dispersion of coated pigments in 
compression moulded plaques. The electron micrographs showed that sample 
1 produced a better pigment dispersion than samples 2 and 3. 
7.1.2 Processing and properties of rigid PVC 
(a) Fusion time ( torque rheometer) 
PVC compounds were mixed in a torque rheometer at a processing 
temperature of 190·C, with a rotor speed of 20rpm, for 8 minutes. Two 
different Ti02 pigment loadings were studied - 4phr and 10phr. Typical torque 
against mixing time curves, (Le. fusion curves), for rigid PVC were obtained. It 
was found that sample 1 always fused the fastest and sample 2 fused the 
slowest. 
(b) % Torque and output rate ( twin-screw extruder) 
Two twin-screw extruders with different screw speeds were used in this 
project. Hence, there are three different sets of samples for the extrusion. 
Set I : Samples with 4phr of Ti02 extruded at 20rpm (by the old extruder) 
Set II : Samples with 4phr of Ti02 extruded at 40rpm (by the new extruder) 
Set III : Samples with 1 Ophr of Ti02 extruded at 40rpm (by the new extruder) 
Both old and new extruders were found to produce good correlation of results. 
It was observed that sample 1 always produced the highest torque values and 
output rates. Both samples 2 and 3 produced similar results. The output rate 
for each type of sample was also increased by higher screw speed. 
(c) Degree of fusion 
The extruded samples were analysed using DSC. Enthalpies were obtained 
from endothermic peaks and each degree of fusion was calculated. It was 
observed that increasing screw speed produced a higher degree of fusion. 
Sample 1 always obtained the highest degree of fusion, while both samples 2 
and 3 produced similar fusion levels. 
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(d) Charpy impact strength 
The same extruded samples were tested with an impact tester. Sample 1 
always produced the highest impact strength whereas sample 2 always 
produced the lowest impact strength. Each type of sample also produced 
higher impact strength at faster screw speed. 
(e) Colour measurements 
It was found out that the types of organic coating applied to the Ti02 pigment 
did not give significant differences in colour. The greater changes in colour 
were due to the processing methods of PVC rather than the pigment coatings. 
Extrusion produced a whiter and brighter appearance on the products than 
milling and compression moulding. 
7.1.3 Contact angle method 
Contact angles were measured by means of contact angle equipment. To 
allow for the fact that measurement were made on pressed particles rather 
than on a perfectly flat surface, a relationship was derived between the 
measured contact angle and the true Young's contact angle. Thus, a 
correction graph was used to convert the measured values into Young's 
values. The corrected contact angles were then converted into surface 
energies based on the Owens-Wendt's equation. Three types of surface 
energies were produced. The total surface energy (Ys) is the sum of dispersive 
surface energy (Yd) and polar surface energy (Yp). The polar surface energies 
(Yp) were found to correlate well to their dispersion behaviour in liquid paraffin 
and water. Hydrophobic sample 1 obtained a zero value foryp. Hydrophilic 
sample 2 had a high value, while amphiphatic sample 3 produced a low value. 
It is thought from the contact angle experiment showed that the double coated 
sample 1 consisted of two separate layers. The innermost layer was made up 
of TMP coating molecules and the outermost layer was made up of PDMS 
coating molecules. Hence, sample 1 was hydrophobic: Sample 2 was only 
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surrounded with a layer of TMP coating molecules, so the coated surface is 
highly hydrophilic. Sample 3 was found to be amphiphatic. The layer of OPA 
consists of both polar and non-polar coating molecules. An incomplete coating 
coverage was suspected for OPA, therefore, further studies were carried out 
on OPA to find out the optimum coating level. 
7.1.4 Relationship between surface energies and PVC processing 
It is observed that there was relation between the polar surface energy of an 
organic-coated Ti02 pigment surface and the processing of rigid PVC. The 
lower the polar surface energy, the better is the dispersibility of the coated 
pigment. Hydrophobic sample 1 was found to produce the best processability 
in both torque rheometer and twin-screw extruder. 
7.2 Studies on new organic coatings 
7.2.1 Novel coatings 
From the three initial organic coatings studies, it was found out that a . 
hydrophobic coating gave a good surface coating. Hence, two organo-silicon 
compounds were chosen for the new organic coatings. Huntsman Pigments 
suggested methyl hydrogen siloxane (MHS), and the author suggested n-octyl 
triethoxysilane (C8-TEOS). OPA was found to produce an amphiphatic 
behaviour, therefore a further study was also carried out. Thus, these three 
organic coatings were studied with various coating levels ranging from 0.2 
weight % to 2.0 weight %. 
Organic coatings and their coating levels: 
n-octyl phosphonic acid, OPA (in weight %) : 0.3, 0.5, 0.8, 1.2, 1.6, 2.0 
methyl hydrogen silane, MHS (in weight %) : 0.3, 0.5, 0.8,1.5 
n-octyl triethoxysilane, C8-TEOS (in weight %) : 0.2, 0.5, 0.8,1.2 
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7.2.2 Dispersion of pigments in media 
All three different types of organic coated pigments were found to produce 
similar changes in their dispersion behaviour in non-polar liquid paraffin. The 
optical micrographs showed that the amount of pigment agglomerations 
reduced as more organic compound was coated onto the pigments. When the 
surfaces of the coated pigments were fully coated, their surfaces became 
hydrophobic. These results correlated very well with their dispersion 
behaviour in water. Each type of coated pigmel)t changed from a hydrophilic 
to a hydrophobic behaviour, with increasing organic coating levels. 
7.2.3 Studies on complete coating coverage 
The overall pigment performance is influenced by three important factors. 
They are concluded as follow: 
(a) BET surface area 
No significant difference in the surface area was observed among the three 
types of coatings. Each organic compound produced an average value of 11.3 
± 0.5 m2/g. 
(b) Optimum coating levels 
The theoretical optimum coating level can be estimated using BET surface 
area, calculated coated thickness and densities of the organic coating. Each 
organic coating was calculated to require about 1.0 weight % to achieve 
complete surface coverage. 
The experimental optimum coating level is determined by means of contact 
angle method. The corrected contact angles were obtained and converted into 
surface energies. From this experiment, each organic coated pigment with 
increasing coating levels produced similar trends. The value of polar surface 
energies decreased with increasing organic coating levels. Hydrophobicity 
was achieved for each organic coating at 0.8 weight % and above. However, 
the optimum coverage of OPA only occurred at 1.6 weight %. 
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(c) Chemistry on coated pigment surfaces 
The mode of adsorption was studied using solid-state NMR. Phosphorous 
NMR was used for 1.6 weight % OPA, whereas silicon NMR was used for 
both O.B weight % MHS and O.B weight % CB-TEOS. OPA was shown to be 
adsorbed vertically on the pigment surface with the formation of hydrogen 
bonding. Both MHS and C8-TEOS produced strong siloxane bonds within the 
silicone backbone. MHS was adsorbed as a condensed layer on the coated 
surface whereas C8-TEOS was expanded as a more complex three 
dimensional structure. 
7.2.4 Fusion test on optimised coated samples 
Only samples with optimum coating levels were studied for the fusion time. 
Typical fusion curves for rigid PVC were obtained for all three different 
coatings. Each organic coating produced a faster fusion time than the 
inorganic-coated sample. This indicated that all these coatings efficiently 
improve the PVC processing. MHS fused the fastest, OPA fused the slowest 
and C8-TEOS fused at the intermediate time. 
7.2.5 Overall comparisons between the novel organic coatings 
Table 7.1 summarises the differences between the three novel coatings in 
terms of their properties and results. All three types of coatings seem to offer 
potential as organic coatings for the Ti02 pigment used in rigid PVC. Based 
on price and processing, MHS appears to be the best choice. However, in 
terms of adsorption, CB-TEOS is stronger than MHS. To conclude, both MHS 
and CB-TEOS produce better results than OPA. 
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Table 7.1 Overall comparisons between OPA, MHS and CS-TEOS 
~ OPA MHS CS-TEOS Sample 
Generic family Phosphonic acid Organo-silicon Organo-silicon 
Functionality 2 Can be reactive 3 
Dispersion tests Good dispersion Good dispersion Good dispersion 
from 1.6wt % from 0.8wt% from 0.8 wt % 
BET SSA, m</g 10.8 ±D.8 11.2 ±D.4 11.6 ±D.6 
Optimum coating level Reached zero Reached zero Reached zero 
polarity at 1.6 wt% polarity at 0.8 wt% polarity at 0.8 wt% 
Structural order Vertical Lie flat Vertical 
Way of adsorption Hydrogen Condensed and Hydrogen bonded 
bonded bridged each and bridged each 
other other 
Fusion time, seconds 182 ±3 158±3 176±3 
at 1 90°C, 20rpm 
7.3 Overall conclusion 
The aims and objectives of this project have been met. The three initial 
organic coatings have found to produce a subtle difference in their processing 
behaviour and properties of rigid PVC profiles. The results showed that a 
hydrophobic coating produces good pigment dispersibility. For that reason, 
two other organic coatings were developed. Organo-silicon compounds 
appear to be the best organic coatings for Ti02 pigment. 
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7.4 Suggestions for further work 
The following further work is suggested to have more detailed studies for 
novel organic coatings, prior to different processing of PVC. 
7.4.1 Studies on higher coating levels 
It is suggested to have a further study on the adsorption of Ti02 pigment 
surface with higher coating levels (more than 2.0 weight %). Similar 
techniques would include dispersion test and contact angle test. 
7.4.2 Studies on the hydrolysis of MHS and CB-TEOS 
Organo-silicon compounds are very sensitive to moisture, thus, it is suggested 
to study the hydrolysis reaction and kinetics of the mechanism on MHS and 
C8-TEOS. The tests would include quantitative FTIR studies whereby the 
equilibrium constants are determined. 
7.4.3 Using different particle size of Ti02 pigments 
The optimum particle size of Ti02 pigment is 0.25j.Jm. It would be interesting to 
find out if the particle size affects the optimum coating level for the Ti02 
pigment. 
7.4.4 Other novel coatings 
All alkoxylsilanes will bond to inorganic coated surfaces. Another suggestion 
is octa-decyl trimethoxysiloxane (C18-TMS). This compound is more stable 
than C8-TEOS. C18-TMS has longer carbon chains that give good 
hydrophobicity. C18-TMS also contains three identical methoxy groups which 
can provide good bonding to the hydrophilic inorganic coated pigment. The 
chemical structure is shown as below: 
. fCH3 CH3(CH2)17- i-OCH3 
CH3 
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Appendix I [ Close-packed model for pressed pigment discs] 
The relationship between the measured contact angles and the true Young's 
contact angles is derived below: 
Figure 1.1 Plan view of close-packed discs 
-_·x 
r = radius of particle 
/ 
y 
Area of liquid drop onto the pigment disc, A = 2r x 2r sin 60° . 
..J3 
A=4r.-
2 
A =2r . ..J3 
Figure 1.2a Top view of close-packed disc in cross-sectioned 
• 
z 
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Appendix I continued 
Figure 1.2b Liquid advan~es over the surface of a particle 
z 
Liquid advances over 
surface of particle 
Liquid 
, 
, 
\ Air 
It-a 
, 
, 
, 
, 
a 
Area of solid-liquid interface, AsL = f 2 1t r . sin a . r . dx 
o 
It-a 
= [21t~.-cosa 1 
o 
It-a 
= [-2 1t ~. cos a 1 
o 
= -2 1t ~.cos 0 - [ - 2 1t ~ cos ( 1t - 9 ) 1 
= -2 1t ~.(1) + 2 1t ~ cos ( 1t - 9 ) 1 
= 2 1t ~ [ -1 + 1 .cos ( 1t - 9 ) 1 
= 21t~[ cos(1t-9) -11 
Area of solid surface consumed, As = ASL 
Area of liquid-air interface, AL = 2~.-,J3 - 1t ~ sin2 (1t - 9 ) 
As Young's equation states for a flat surface: Ys = YSL + YL cos <p 
( 1.2 ) 
( 1.3 ) 
( 1.4 ) 
Ys - YSL = YL cos <p ( 1.5 ) 
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Appendix I continued 
Thermodynamic equilibrium obtained for the closed-packed model: 
Asys = ASLYSL + AL YL + A 'fLCOS <p ( 1.6 ) 
Substituting equation 1.3 into equation 1.6 : 
ASLYs - ASLYSL = ALYL + AYLCOS<P 
ASL (ys - YSL) = YL ( AL + A cos <p ) ( 1.7 ) 
Substituting equation 1.5 into equation 1.7 : 
ASL YLCOS e = YL (AL + Acos <p) 
ASL cos e = AL + A cos <p ( 1.8 ) 
Substituting equations 1.1, 1.2 and 1.4 into equation 1.8 : 
21t.-2 [cos (1t -e) -1 ). cos e = 2~. -{3 - 1t.-2 sin2 (1t - e) + 2~.-{3cos <p 
21t[cos(1t-e)-l).cose = 2.€- 1tsin2 (1t-e)+2:Y3Cos<p 
2 1t ( - cos e -1 ). cos e = 2. -{3 + 2. ffcos <p - 1t sin2 ( 1t - e ) 
2 1t ( 1 + cos e ) . cos e = 2:V3 ( 1 + cos <p) - 1t sin2 ( 1t - e ) 
2 1t ( 1 + cos e ) . cos e + 1t sin2 ( 1t - e) = 2:Y3( 1 + cos <p ) ( 1 .9 ) 
Divide equation 1.9 by 4 : 
1t F 
--.(1 +cosO).cosO + 
2 4 
. sin2 ( It - 0) = -- . ( 1 + cos q> ) 
2 
1t 1t .J3 
-- .( 1 + cos 0 ) • cos 0 + . [ 1 - cos2 ( It - 0 )] = . ( 1 + cos IjI ) 
2 4 2 
1t 1t ~ 
--.(1 +cosO).cosO +--. (1-cos2 0) = -.(1 +COSIjI) 
2 4 2 
7t .J3 
- .{ 2( 1 + cos 0 ) . cos 0 + (1 - cos2 0 )} = --. (1 + cos IjI ) 
4 2 
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n 
_ . { ( 2 + 2 cos 0 ). cos 0 + (1 - cos2 0 )} = 
4 
-ff 
_.(1+coscp) 
2 
• { 2 cos 0 + 2 cos2 0 + 1 - cos2 0 } = . ( 1 + cos cp ) 
4 2 
n -ff 
Appendices 
- . { 2 cos 0 + 2. % ( 1 + cos 20 ) + 1 - % ( 1 + cos 20 ) } = - . ( 1 + cos cp ) 
4 2 
n T3 
- . { ( 1 + cos 20 ) - % ( 1 + cos 20 ) + 2 cos 0 + 1} = -.( 1 + cos cp ) 
4 2 
n -ff 
- . { ( 1 + 2 cos2 0 - 1 ) - %( 1 + 2 cos2 0 - 1 ) + 2 cos 0 + 1 } = --.( 1 + cos cp ) 
4 2 
n -ff 
- .{ 2 cos2 0 - % - cos20 + % + 2 cos 0 + 1} = --.( 1 + cos cp ) 
4 2 
n -J3 
- . { cos2 0 + 2 cos 0 + 1 } = --. ( 1 + cos cp ) 
4 2 
n ,J3 
--.{(1+COSO)2} = --.(1+coscp) 
4 2 
n ,J3 
--. (1 +COSO)2 = 1 + coscp 
4 2 
( 1 + cos 0 )2 . ...1L. -1 
2./3 
= cos <p 
1t 
cos <p = (1 +cosOt---1 
2-v3 
(1.10) 
Thus, equation 1.10 is used for plotting the correction graph as shown in 
Figure 4.5. 
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Steam Microniser Log Sheet 
Date: 22/0112004 Users: Gerry Smedley & Jezz Urn 
TIme Started: 09:00 General Descrlptton or work: Mieronising TC30 SOD with different organics 
Time Finished: 11:30 
Material: R-TC30 SOD coated with TMP/DMS, TMP and OPA 
Total Fed: SOD - 6kg 
Tl02 Run Time Ti02 Collection Actual 
Sample ". Collected Efficiency Feed orams Mint Secs orams % Rate 
0.2% TMP/0.5%DMS 2000 7 25 1582 79.1 270 
0.3% TMP 2000 8 5 1548 77.4 247 
0.8% n-OPA 2000 8 12 1534 76.7 244 
-- -- '--- -- --- ----- .- -
Total Fed csoo-o~ 
Total Lossess to DCE & Effluent 1336.9] 
Steam Tern eratures 
EUfotherm WelIl 
Tema lema 
265 247 
285 248 
270 248 
. 
V,E.T. Steam Total 
Pressure 
Tel!!P_ psi SIP 
165 110 3.71 
171 110 4.04 
166 110 4.10 
Operator: G Smedley 
Coverl 2nd Man: Jezz Urn 
Remarks 
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Appendix III 
[ Uncoated sample 1 
Figure 3a Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190'C, rotor speed of 20 rpm, 8 minutes 
E 
z 
30 ~--------------------------------------~ 
20 
O+--------.--------.--------.--------.------J 
o 100 200 300 400 
Mixing time ( seconds) 
- run 1 - run2 - run 3 
Run Fusion time Equilibrium torque 
No. (seconds) (Nm) 
1 186 14.8 
2 192 14 
3 192 13.2 
Average 190 14.0 
Standard 3 0.8 
deviation 
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[ Inorganic-coated sample 1 
Figure 3b Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190' C, rotor speed of 20 rpm, 8 minutes 
30 r-------------------------------~ 
-E 20 
z 
-
o +-----~------._----~------~--~ 
o 100 200 300 400 
Mixing time ( seconds) 
- run 1 - run 2 - run 3 
Run Fusion time Equilibrium torque 
No. (seconds) (Nm) 
1 186 14.2 
2 192 13.9 
3 192 13.9 
Average 190 14.0 
Standard 3 0.2 
deviation 
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[ 4phr Ti02 Sample 1 1 
Figure 4a Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190·C, rotor speed of 20 rpm, 8 minutes 
30 
25 
~ 20 
E 
z 
-Cl> 15 
~ 
~ 
0 10 l-
S 
0 
0 100 200 300 400 
Mixing time ( sec) 
- run 1 - run 2 - run 3 
Run Fusion time Equilibrium torque 
No. (seconds) ( Nm) 
1 150 13.8 
2 156 13.1 
3 150 13.7 
Average 152 13.5 
Standard 3 0.4 
deviation 
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[ 4phr Ti02 Sample 2 1 
Figure 4b Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190·C. rotor speed of 20 rpm, 8 minutes 
25 
20 
£ 15 
.. 
'" e- 10 {:. 
5 
0 
0 100 200 300 400 
Mixing time (seconds) 
- runt - run2 - run 3 
Run Fusion time Equilibrium torque 
No. (seconds I (Nml 
1 162 13.4 
2 156 13.1 
4 162 13.0 
Average 160 13.2 
Standard 3 0.2 
deviation 
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[ 4phr Ti02 Sample 3 1 
Figure 4c Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190·C, rotor speed of 20 rpm, 8 minutes 
25 
20 
~ 
~ 15 
.. 
:::J 
e- 10 
0 
I-
5 
0 
0 100 
- run 1 
Run 
No. 
1 
2 
3 
Average 
Standard 
deviation 
200 300 400 
M ixing time (seconds) 
- run2 
Fusion time 
(seconds) 
150 
156 
156 
154 
3 
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- run 3 
Equilibrium torque 
(Nm) 
13.8 
13.5 
13.4 
13.4 
0.4 
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[ 1 Ophr Ti02 Sample 1 1 
Figure 5a Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190·C, rotor speed of 20 rpm, 8 minutes 
E 
z 
~ .-------------------------------------~ 
30 
-; 20 
::J 
E' 
o 
I-
-
10 
O +L------~--------r_------_r------~r_----~ 
o 100 
- run 1 
Run 
No. 
1 
2 
3 
Mean 
Standard 
Dev;ation 
200 300 ~O 
Mixing time ( seconds) 
- run 2 
Fusion time 
(seconds) 
156 
144 
144 
148 
7 
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- run 3 
Equilibrium torque 
(Nml 
13.2 
13.4 
13.1 
13.2 
0.2 
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[ 1 Ophr Ti02 Sample 2 1 
Figure 5b Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190' C, rotor speed of 20 rpm, 8 minutes 
40 .--------------------------------------. 
30 
10 \ 
O +L------.-------.-------r-------.---~ 
o 100 
- run 1 
Run 
No. 
1 
2 
3 
Mean 
Standard 
Deviation 
200 300 400 
Mixing time (seconds) 
- run 2 
Fusion time 
(sec ) 
198 
186 
180 
188 
9 
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- run 3 
Equilibrium torque 
(Nm) 
13.2 
12.0 
12.9 
12.6 
0.6 
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[ 10phr Ti02 Sample 3 1 
Figure 5c Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190·C, rotor speed of 20 rpm, 8 minutes 
E 
z 
-
~ T7----------------------------------~ 
30 
10 v 
O +L------.-------.-------.-------.-----~ 
o 100 
- run 1 
Run 
No. 
1 
2 
3 
Mean 
Standard 
Deviation 
200 300 ~O 
Mixing time (seconds) 
- run 2 
Fusion time 
(sec ) 
136 
150 
156 
148 
9 
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- run 3 
Equilibrium torque 
(Nm) 
13.3 
13.8 
12.9 
13.3 
0.5 
AppendiJ( IV 
-0.6 
-0.7 
-0.8 
-0.9 
-1.0 
-1.1 
-1.2 
-1.3 
Heat flow (WIg) 
Figure 6 DSC thermogram of PVC resin, SH6830 
160 
Tg = 86.43°C 
80 100 120 140 160 180 200 220 
Temperature °C 
Appendices 
Table 3a 4phr Ti02 samples extruded with a screw speed at 20rpm 
Sample No. Onset Tg 1I.H. 1I.Hb % Tc 
( 0c) (JIg) (JIg) fusion (OC) 
S1 86 2.03 0.44 82 189 
86 2.37 0.45 84 189 
85 2.34 0.56 81 190 
85 2.24 0.29 85 190 
85 1.70 0.45 87 188 
Mean 85 2.14 0.44 84 189 
Standard 1 0.28 0.10 2 1 
deviation 
S2 85 1.44 0.63 70 184 
86 1.42 0.61 70 189 
85 2.67 0.86 76 187 
84 1.47 0.44 77 183 
86 1.49 0.45 77 191 
Mean 85 1.70 0.60 74 187 
Standard 1 0.54 0.17 4 3 
deviation 
S3 86 2.32 0.73 76 188 
84 1.92 0.61 76 188 
86 1.72 0.48 78 191 
85 1.50 0.59 72 188 
86 1.55 0.40 79 190 
Mean 85 1.80 0.56 76 189 
Standard 1 0.33 0.13 3 1 
deviation 
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Table 3b 4phr Ti02 sample extruded with a screw speed at 40rpm 
Sample No. OnsetTg AH. AHb % Te 
( ·C) (JIg) (JIg) fusion ( ·C) 
S1 85 2.98 0.29 91 191 
85 2.89 0.42 87 192 
86 3.39 0.38 90 193 
86 1.78 0.19 90 193 
85 1.89 0.26 88 185 
Mean 85 2.59 0.31 89 191 
Standard 1 0.71 0.09 2 3 
deviation 
S2 86 3.29 0.49 87 188 
85 1.80 0.24 88 194 
85 3.12 0.49 86 186 
85 3.08 0.45 87 195 
86 1.67 0.31 84 193 
Mean 85 2.59 0.40 86 191 
Standard 1 0.79 0.11 2 4 
deviation 
S3 86 3.37 0.47 88 189 
86 2.60 0.36 81 192 
85 2.05 0.48 89 187 
85 2.78 0.49 87 192 
86 1.86 0.29 87 193 
Mean 86 2.53 0.42 86 191 
Standard 1 0.60 0.09 3 3 
deviation 
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Table 3c 1 Ophr Ti02 samples extruded with a screw speed at 40rpm 
Sample No. OnsetTg ~H. ~Hb % Tc ( DC) (JIg) (JIg) fusion . (DC) 
Sl 86 2.13 0.20 91 191 
86 2.62 0.26 91 193 
84 2.63 0.17 94 196 
85 2.99 0.33 90 192 
85 2.89 0.45 87 188 
Mean 85 2.65 0.28 91 192 
Standard 1 0.33 0.11 3 3 
deviation 
Sl 85 3.02 0.67 82 183 
84 1.31 0.20 87 190 
84 1.50 0.22 87 193 
85 1.16 0.24 83 189 
85 2.73 0.59 82 184 
Mean 85 1.94 0.38 84 188 
Standard 1 0.86 0.23 3 4 
deviation 
S3 84 1.60 0.44 78 183 
84 2.93 0.71 80 189 
85 1.06 0.17 86 195 
85 1.13 0.25 82 195 
86 3.20 0.44 88 187 
Mean 85 1.98 0.40 83 190 
Standard 1 1.01 0.21 4 5 
deviation 
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Appendix V BET Surface Area Report 
Only one sample report is shown. The following pigment sample is 1.2 wt% 
OPA. 
Micromeritics Instrument Corp. 
Gemini V1.03 Unit 1 Serial #: 5142 
Sample: 200600024212006001389 JezzJ01/06/2 
Operator: C Macaulay 
Submitter: I Thompson 
File: C:\GEMINI\DATA\000-094.SMP 
Started: 20104/200613:27:59PM 
Completed: 20104/200614:02:35PM 
Report Time: 13/06/200714:47:32PM 
Free Space Dilf.: 2.1233 cm3 
Free Space Type: Measured 
Gemini Model: 2365 
Analysis Adsorptive: N2 
Equilibration Time: 5 s 
Sat. Pressure: 777.515 mmHg 
Sample Mass: 0.3023 9 
Sample Density: 1.000 g/cm3 
0.14.------------------, 
0.12 
0.1 
:::: t 0.08 
Q. 
~ 0.06 
::::. 0.04 
0.02 
O+---~--r_--r_-~--~ 
0.05 0.1 0.15 0.2 
p/po 
Relative Pressure 
(P/Po) 
Quantity Adsorbed 
0.049793251 
0.112255065 
0.174755468 
0.237217287 
0.299724107 
(cm3/g STP) 
1.9710 
2.5192 
2.8888 
3.2132 
3.5245 
Slope: 0.378172 ± 0.002450 g/cm3 STP 
V-Intercept: 0.007576 ± 0.000480 g/cm3 STP 
C: 50.914819 
Qm: 2.5924 cnWg STP 
Correlation Coefficient: 0.9999371 
Molecular Cross-Sectional Area: 0.1620 nm2 
0.25 0.3 
1I[Q(Po/P - 1)] 
0.026587 
0.050195 
0.073305 
0.096785 
0.121437 
Single point suriace area at P/Po = 0.299724107: 10.7443 m2/g 
BET Surface Area: 11.2851 ~ 0.0730 m2/g 
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Specific surface area by calculation method 
d 
Diameter of 1 pigment particle used, d = 0.21 Ilm 
Density of Ti02 pigment given, p = 4 glcm3 
6 
Specific surface area, SSA = 
pd 
6 
= 
0.21 x 10.6 m3 X 4000 kglm3 
= 0.71 x 10.4 m2/kg 
Calculated SSA = 7.1 m2/g 
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Figure 7 Carbon-carbon bond 
,. . 
O.1S4nm 
O.1S4nm 
Length of polymer chain, x =. 0.1S4nm X cos 
= 0.126 nm 
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[1 .62 wt% OPA 1 
Figure 8a Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190'C, rotor speed of 20 rpm, 8 minutes 
30 
E 
z 
-
10 
0 +L------~------_r------_,--------r_----~ 
o 100 200 300 400 
Mixing time (seconds) 
- run 1 run 2 - run 3 
Run Fusion time Equilibrium torque 
No. (seconds I ( Nml 
1 180 13.0 
2 180 12.7 
3 186 13.0 
Average 182 12.9 
Standard 3 0.2 
deviation 
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[0.8 wt% MHS 1 
Figure 8b Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190' C, rotor speed of 20 rpm, 8 minutes 
35 ,----------------------------------------. 
30 
25 
E 
~20 
CD 
e- 15 
~ 10 
5 
O ~------_.------_.--------~------_.----~ 
o 
Run 
No. 
1 
2 
3 
Average 
Standard 
deviation 
100 200 300 400 
Mixing time (seconds) 
- run 1 - run2 
Fusion time 
(seconds) 
156 
162 
156 
158 
3 
-217-
10;" .-_ 
- run 3 
Equilibrium torque 
( Nm) 
12.7 
12.7 
12.2 
12.5 
0.3 
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[0.8 wt% C8-TEOS 1 
Figure 8c Torque vs time curve (Haake Rheomex 600) 
Conditions : Temperature of 190' C, rotor speed of 20 rpm, 8 minutes 
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Run Fusion time Equilibrium torque 
No. (seconds) (Nm) 
1 174 15.2 
2 174 15.2 
3 180 15.4 
Average 176 15.3 
Standard 3 0.1 
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Appendix IX 
[ Presentation and conference paper I 
A paper on this current project has been presented in a PVC conference. 
Current Trends in PVC Technology Conference 
Burleigh Court Hotel and Centre 
Loughborough, UK 
6th - ih November 2006 
"Surface Energy Measurements of Coated Titanium Dioxide Pigment" 
B. C. Lim and N.L. Thomas 
Further information: Another version of above paper has been accepted for 
the publication in Progress in Organic Coatings 
(Oct 2007) 
Refer to attachment. 
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Surface Energy Measurements of Coated Titanium Dioxide Pigment 
B. C. Lim, N. L. Thomas and 1. Sutherland 
Institute of Polymer Technology & Materials Engineering, 
Loughborough University, Loughborough, Leicestershire, LEll 3TU, UK. 
Abstract 
In this study surface energy measurements have been carried out on titanium 
dioxide pigments coated with different types of organic compound. The organic 
coatings investigated were polymethylsiloxane and octyl triethoxy-silane. The level of 
coating applied was increased from 0.2 up to 1.5 weight %. Contact angles were 
measured using an advancing sessile drop method. To allow for the fact that 
measurements were made on pressed discs of particles rather than on a perfectly flat 
surface, a correction was applied to convert each measured contact angle to the true 
Young's contact angle. Surface energies were calculated from the corrected contact 
angles using the Owens and Wendt equation. From the values of surface energy it was 
possible to determine at what coating level the surface characteristics changed from 
hydrophilic to hydrophobic and hence when complete coverage had taken place. For 
both the siloxane and the silane coatings it was found that complete coating coverage 
occurred at an addition level of around 0.8 weight %. The surface energies of all the 
coated pigments were found to correlate well with their dispersion behaviour in liquid 
paraffin. 
Keywords: Titanium dioxide; surface energy; contact angle; organic coating 
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1. Introduction 
Titanium dioxide, Ti02 is the most important inorganic pigment used in the 
plastics and paint industries, comprising over 65% of the total consumption in different 
1 
applications. Most commercial Ti02 pigments are treated with some form of surface 
coating. The most widely used coating is alumina and many general-purpose grades are 
treated only with alumina, at levels between 0.5 and 3.5 weight % [1,2]. This treatment 
promotes dispersion of the pigment and retards unwanted photodegradation reactions 
between the pigment and the polymer matrix. Although Ti02 absorbs strongly in the 
ultra-violet from 270 - 420 nm and therefore protects polymers from photochemical 
degradation, it is also photoactive and can give rise to photocatalytic degradation of 
polymers [3-5]. This erosion of the polymer surface is commonly called 'chalking'. 
Where enhanced resistance to weathering is required, silica coatings are used in 
addition to alumina. This combination provides an effective barrier to reduce the 
photodegradative effect of Ti02 on plastics and paints for exterior use [1,2,6]. 
Many modem Ti02 pigments are also treated with organic compounds. The 
hydrophilic inorganic-coated pigments are treated with organic compounds thus 
creating hydrophobic surfaces. These organic coatings serve to reduce agglomeration of 
pigment particles and to prevent absorption of water during storage. They also improve 
compatibility of the pigment with organic substrates and hence promote better 
dispersion of the pigment in the polymer matrix. The types of organic compounds 
commonly used as surface treatments on Ti02 are polyols, amines, siloxanes and 
phosphated fatty acids [1]. 
In the current study, a series of titanium dioxide pigments have been coated with 
different types and amounts of organic compound. These coated pigments have then 
2 
been analysed by detennining their surface free energies from contact angle 
measurements. 
Figure 1 is a schematic diagram showing the contact angle (6) made by a liquid 
drop on a smooth, planar surface. The basic equation to describe the balance of energies 
controlling the contact angle of the liquid drop on such a surface is known as Young's 
equation [7] and is one of the oldest in surface science. Young's equation is given 
below (equation 1) where y is the surface free energy and subscripts'S' and 'L' stand 
for solid and liquid respectively. 
YS=YSL +YLcos B ........................... (1) 
Vapour 
Liquid 
Ys rSL 
Figure 1. Schematic diagram of a liquid drop on a surface 
Dupre (8) proposed the idea of the thennodynamic work of adhesion (Wad), 
which is the reversible work done in separation of unit area of a solid/liquid interface. 
The Dupre equation states that: -
W,d = Ys + YL - YSL ....................... (2) 
Combining equations 1 and 2 gives the Young-Dupre equation: -
W,d = YL (1 + cos B) ........................ (3) 
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Fowkes [9] suggested that the total surface free energy of a solid or a liquid is 
the sum of three different intermolecular forces. They are dispersion (l), polar (yp) and 
hydrogen bonding (l) surface energies. Often yP and yh are encompassed in a single 
• 
term known as yp. He also derived the interfacial free energy of a solid and a liquid that 
interacted solely by dispersion forces: -
YSL = Ys +YL -2(YsJ1.)"2 .................... (4) 
For cases where both solid and liquid are polar, Owens and Wendt [10] and Kaelble 
[11] combined the Fowkes and Young-Dupre equations: -
YL (1 + cose) = 2(YsJ1.)"2 + 2(Y~Yn'f2 .................... (5) 
Contact angles measured using two liquids (one polar and one non-polar) can be 
used to determine the polar and dispersive components of the surface free energy 
following the method of Owens and Wendt [10]. This approach has been widely used to 
measure wettability, surface energy and adhesion properties of polymers [12]. Examples 
include studies of surface treated polyolefins for painting or printing [13] and oxidised 
carbon fibres to enhance their reinforcing properties [14]. This approach has also been 
used to investigate surface modified montmorillonite for tailored interfaces in 
nanocomposites [15]. 
In this study contact angle measurements were made on pressed discs of coated 
Ti02 particles. To allow for the fact that measurements were made on pressed particles 
rather than on a perfectly flat surface, a relationship was derived between the measured 
contact angle and the true Young's contact angle (see section 2.2 below). Software 
based on the Owens and Wendt equation was used to calculate surface energies of 
coated titanium dioxide pigment from the corrected contact angle measurements. 
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2. Experimental 
2.1 Organic Coating of TiOz Pigment , 
A rutile Ti02 coated with an inorganic coating (silica and alurnina) was selected. 
This material was provided by Huntsman Pigments and had a surface area determined 
by BET analysis of 11-12 m2/g. Two types of organic compound were used. Each 
compound type was coated onto a sample of pigment at a series of different 
concentrations. Spray coating was carried out using solutions of the appropriate 
concentration of the organic compound dissolved in industrial methylated spirit (IMS). 
The coated pigments were then micronised. 
The following organic coated pigments were produced: -
Polymethylsiloxane: O.3wt%, O.5wt%, O.8wt%, and 1.5wt% 
Octyl triethoxy-silane: O.2wt%, O.5wt%, O.8wt%, and 1.2wt%. 
2.2 Contact Angle Measurements 
Contact angle tests were carried out using Dataphysics OCA-20 contact angle 
equipment. Water and diiodomethane (DIM) were used as the two testing liquids. Five 
pressed discs were made from each sample of coated pigment and these were taken as 
the substrates upon which contact angles of the liquid drops were measured. An 
advancing sessile drop method was used for the contact angle measurements. 
Conventional contact angle measurement methods rely on surfaces being 
perfectly flat and smooth. However, in these studies contact angles were measured on 
compacted particles rather than on a perfectly flat surface and so it was necessary to 
employ a correction factor to allow for this. A relationship was derived between the 
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apparent contact angle, <1>, which is the macroscopic value observed in the low power 
microscope, and the true Young's contact angle, (e). This derivation is discussed below. 
In this treatment the drop is assumed to be in thermodynamic equilibrium on a , 
heterogeneous surface. As the drop expands across the pressed powder disc additional 
liquid surface is created as the liquid spans the gaps between the particles. 
Firstly, consider a surface consisting of close-packed spherical particles of 
radius, R, as shown in Figure 2. Imagine a drop of liquid expanding over an area 'A', 
which is the unit cell of the close-packed surface. 'A' is the apparent area over which 
the drop has advanced (taking the surface, from a macroscopic point of view, as flat) 
and is given by: -
A = 2JjR2 •••••••••••••••••••••••••• (6) 
--•• x 
/ 
y 
Figure 2. Plan View of Close-packed Powder 
The liquid expands over the top of the particles creating a solid-liquid interface 
and the thermodynamic contact angle, e, is as shown in Figure 3. 
z 
Liquid 
Air 
Figure 3. Cross-section through Particle 
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Hence, as illustrated in Figure 4, the actual area of solid-liquid interface created, 
ASL, is given by: -
a-8 
ASL = J21lR,Sina,R.da = 21lR 2[I-cos(Jr-e)] ....................... (7) 
o 
z 
Liquid advances over 
surface of particle 
Liquid 
, 
, 
\ Air , 
, 
, 
, 
Figure 4. Liquid advances over the Surface of a Particle 
The area of solid surface consumed, As, is given by equation 8: -
AS=ASL .................... (8) 
The area of the liquid-air interface created, AL, is given by: -
Since all 'A' are small, for thermodynamic equilibrium, it follows that: -
where <1> is the apparent contact angle and 1s, YL and 1SL are surface and interfacial 
energies. 
For a flat surface, Young's equation is valid i.e.: -
YS= YSL + YL cose ........................... (1) 
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From equations 6, 7, 8, 9 and 1, the values for A~, AL and ASL may now be 
calculated as a function of a, for this specific geometric arrangement, and substituted 
into equation 10. This allows a relationship to be established between the measured or 
apparent contact angle ($) and the true Young's contact angle (a). The result is given in 
equation 11. This relationship is independent of particle size. 
cosip= 2~·(I+COSB)2-1 .................... (11) 
The relationship between measured contact angle ($) and Young's contact angle (a) is 
plotted in Figure 5. 
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Young's Contact Angle (9) 
Figure 5. Relationship between measured ($) and Young's contact angles (a) 
2.3 Dispersion Tests 
150 
A tiny amount of each coated pigment was dispersed in liquid paraffin and then 
viewed in transmitted light in a Leica optical microscope. 
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3. Results and Discussion 
3.1 Contact Angle Measurements 
The results of contact angle measurements for all the different coated pigments 
are given in Table 1. These are corrected contact angles using the expression derived in 
equation 11. It is seen that the contact angles measured using diiodomethane remain 
reasonably constant, whereas the contact angles measured with water increase as the 
coating level increases for each organic compound. When the contact angle of water on 
a surface is greater than 90°, the surface is not wetted by the water i.e. the surface is 
hydrophobic. The results for both coating types show that when the coating level 
reaches 0.8 wt%, the contact angle with water has exceeded 90°, showing that the 
particle surfaces have become hydrophobic. 
Table 1 also shows values of surface energy. The total surface energy (Y5) is the 
sum of a dispersive component (yd) and a polar component (yP). It is seen that the polar 
surface energies reduce with increasing coating level. The point at which the polar 
surface energy tends towards zero indicates the point at which the surface is non-polar 
and complete coating coverage has occurred. For both the siloxane-coated and silane-
coated pigments, non-polarity was achieved at a coating level of 0.8 wt%. Graphs of 
polar surface energy as a function of coating level for both coating types are plotted in 
Figures 6 (a) and (b) respectively. 
Note that the value of yd of 23 mJm·2 for polymethylsiloxane found in this study 
is in good agreeme~t with the value of l of 21. 7 mJm·2 for polydimethylsiloxane 
reported by Owen and Wendt [10]. 
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3.2 Dispersion Tests 
Results of dispersion tests with samples of the pigments in liquid paraffm 
correlated well with the surface energy measurements. Examination of samples in 
transmission in the optical microscope showed that as the organic coating level 
increased there was reduction in agglomeration of the pigments - and hence improved 
dispersion. Good dispersion, as judged by visual observation, was achieved for both 
organic compound types at a coating level of 0.8 weight %, which was the level at 
which surface energy measurements had shown the pigment surface to have changed 
from hydrophilic to hydrophobic. 
~ 
'" ~ 24 
e 19 ~ 
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" 
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.. 
" '0 ·1 
C. 0.3 0.5 0.7 0.9 1.1 1.3 1.5 
wt% Siloxane 
Figure 6 (a) Polar Surface Energy as a Function of Siloxane Coating Level 
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Figure 6 (b) Polar Surface Energy as a Function of Silane Coating Level 
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Figures 7 (a) and Cb) show optical micrographs taken from pigment samples 
coated with different level of siloxane and silane respectively dispersed in liquid 
, 
paraffin. It is seen that in both sets of micrographs pigments appear agglomerated until a 
coating level of 0.8 wt% is reached. For coatings of this level and above good 
dispersion is achieved. 
0.5% Siloxane 
0.8% Siloxane 1.5% Siloxane 
Figure 7a. Optical Micrographs of Siloxane Coated Ti02 dispersed in Paraffin 
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0.2% Silane 0.5% Silane 
0.8% Silane 1.2% Silane 
Figure 7b. Optical Micrographs of Silane Coated Ti02 dispersed in Paraffin 
4. Conclusions 
Contact angle measurements have been carried out on discs pressed from 
titanium dioxide pigment coated with different levels and two different types of organic 
compound: polymethylsiloxane and octyl triethoxy-silane. To allow for the fact that 
measurements were made on pressed particles rather than on a perfectly flat surface, a 
relationship was derived between the measured contact angle (4)) and the true Young's 
contact angle (a), as shown in the following equation: cosl/J = II r;:; .(1 + cose)i -1. 
2",3 
This relationship is independent of particle size and was used to correct measured 
contact angles to derive the true Young's contact angle. 
12 
Surface energy values were derived from the corrected contact angle 
measurements. It was found that the polar surface energy decreased in value with 
increasing level of organic coating. The point at which the polar surface energy reduced 
, 
almost to zero indicated the point at which complete coating coverage was achieved. 
For both the siloxane and the silane coatings it was found that complete coating 
coverage occurred at an addition level of around 0.8 weight %. These results were in 
good agreement with dispersion tests on samples of pigment in liquid paraffin. 
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